VOLTAGE TESTING AND MEASUREMENT 

BACKGROUND OF THE INVENTION 

The development of advanced integrated circuit devices and architectures has 
been spurred by the ever increasing need for speed. For example, microwave, fiber optical 
digital data transmission, high-speed data acquisition, and the constant push for faster digital 
logic in high speed computers and signal processors has created new demands on high-speed 
electronic instrumentation for testing purposes. 

Conventional test instruments primarily include two features, the integrated 
circuit probe that connects the test instrument to the circuit and the test instrument itself The 
integrated circuit probe has its own intrinsic bandwidth that may impose limits on the bandwidth 
achievable. In addition, the probe also determines an instrument's ability to probe the integrated 
circuit due to its size (limiting its spatial resolution) and influence on circuit performance 
(loading of the circuit from its characteristic and parasitic impedances). The test instrument sets 
the available bandwidth given perfect integrated circuit probes or packaged circuits, and defines 
the type of electric test, such as measuring time or frequency response. 

Connection to a test instrument begins with the external connectors, such as the 
50 ohm coaxial Kelvin cable connectors (or APC-2.4). The integrated circuit probes provide the 
transitions from the coaxial cable to some type of contact point with a size comparable to an 
integrated circuit bond pad. Low-frequency signals are often connected with needle probes. At 
frequencies greater than several hundred megahertz these probes having increasing parasitic 



impedances, principally due to shunt capacitance from fringing fields and series inductance from 
long, thin needles. The parasitic impedances and the relatively large probe size compared to 
integrated circuit interconnects limit their effective use to low-frequency external input or output 
circuit responses at the bond pads. 

Therefore, electrical probes suffer from a measurement dilemma. Good high- 
frequency probes use transmission lines to control the line impedance from the coaxial transition 
to the integrated circuit bond pad to reduce parasitic impedances. The low characteristic 
impedance of such lines limits their use to input/output connections. High-impedance probes 
suitable for probing intermediate circuit nodes have significant parasitic impedances at 
microwave frequencies, severely perturbing the circuit operation and affecting the measurement 
accuracy. In both cases, the probe size is large compared to integrated circuit interconnect size, 
limiting their use to test points the size of bond pads. Likewise sampling oscilloscopes, 
spectrum analyzers, and network analyzers rely on connectors and integrated circuit probes, 
limiting their ability to probe an integrated circuit to its external response. For network analysis, 
a further issue is de-embedding the device parameters from the connector and circuit fixture 
response, a task whip h grows progressively more difficult at increasing frequencies. 

With the objective of either increased bandwidth or internal integrated circuit 
testing with high spatial resolution (or both) different techniques have been introduced. 
Scanning electron microscopes or E-beam probing uses an electron beam to stimulate secondary 
electron emission from surface metallization. The detected signal is small for integrated circuit 
voltage levels. The system's time resolution is set by gating the E-beam from the thermionic 



cathodes of standard SEivf s. For decreasing the electron beam duration required for increased 
time resolution, the average beam current decreases, degrading measurement sensitivity and 
limiting practical systems to a time resolution of several hundred picoseconds. Also, SEM 
testing is complex and relatively expensive. 

Valdmanis et al., in a paper entitled "Picosecond Electronics and 
Optoelectronics", New York: Springer- Verlag, 1987, shows an electro-optic sampling technique 
which uses an electrooptic light modulator to intensity modulate a probe beam in proportion to a 
circuit voltage. Referring to FIG. 1, an integrated circuit 10 includes bonded electrical 
conductors 12 fabricated thereon whereby imposing differential voltages thereon gives rise to an 
electric field 14. For carrying out a measurement an electro-opti needle probe 16 includes an 
electro-optic tip 18 (LiTa0 3 ) and a fused silica support 20. A light beam incident along path 22 
is reflected at the end of the electro-optic tip 18 and then passes back along path 24. An electric 
field 14 alters the refractive index of the electro-optic tip 18 and thereby alters the polarization 
of the reflected light beam on the exit path 24, which thus provides a measure of the voltages on 
the conductors 12. Unfortunately, because of the proximity of the probe 16 to the substrate 10 
capacitive loading Is applied to the circuit, thereby altering measurements therefrom. In 
addition, it is difficult to position the probe 16 in relation to the conductor because the probe 16 
and circuit 10 are vibration sensitive. Also, the measurements are limited to conductors 12 on or 
near the surface of the circuit 10. Further, the circuit must be active to obtain meaningful results 
and the system infers what is occurring in other portions of the circuit by a local measurement. 

Weingarten et al. in a paper entitled, "Picosecond Optical Sampling of GaAs 



Integrated Circuits", EEEE Journal of Quantum Electronics, Vol/24, No. 2, February 1988, 
disclosed an electro-optic sampling technique that measures voltages arising from within the 
substrate. Referring to FIG. 2, the system 30 includes a mode-locked Nd: YAG laser 32 that 
provides picosecond-range light pulses after passage through a pulse compressor 34. The 
compressed pulses are passed through a polarizing beam splitter 36, and first and second wave 
plates 38 and 40 to establish polarization. The polarized light is then directed at normal 
incidence onto an integrated circuit substrate 42. The pulsed compressed beam can be focused 
either onto the probed conductor itself (backside probing) or onto the ground plane beneath and 
adjacent to the probed conductor (front-side probing). The reflected light from the substrate is 
diverted by the polarizing beam splitter 36 and detected by a slow photo diode detector 44. The 
photo diode detector is also connected to a display 46. 

A microwave generator 48 drives the substrate 42 and is also connected to an RF 
synthesizer 50, which in turn is connected to a timing stabilizer 52. The pulse output of the laser 
32 is likewise connected to the timing stabilizer 52. The output of the stabilizer 52 connects 
back to the laser 32 so that the frequency of the microwave generator 46 locks onto a frequency 
that is a multiple of the laser repetition rate plus an offset. As a consequence, one may analyze 
the electric fields produced within the integrated circuit as a result of being voltage dri ve, thus 
providing circuit analysis of the integrated circuit operation. In essence, the voltage of the 
substrate imposed by the microwave generator 48 will change the polarization in the return 
signal which results in a detectable change at the diode detector 44. 

Referring to FIGS. 3A and 3B, the locations along the incident beam are 



designated a, b, c (relative to the "down" arrow), and designated along the reflected beam as d, 
e, and f (relative to the "up" arrow), and the intensity modulated output signal is designated as g. 
The corresponding states of polarization exhibited in the measurement process are shown in the 
similarly lettered graphs of FIG. 3B. At location a of FIG. 3 A, the polarizing beam splitter 36 
provides a linearly polarized probe beam (as shown in graph a of FIG. 3B) that is passed through 
the first wave plate 3o, which is a T/2 plate oriented at 22.5 degrees relative to the incident beam 
polarization, so as to yield at location b the 22.5 degree elliptically polarized beam shown in 
graph b of FIG. 3B). The beam then passes through the second wave plate 40, which is a T/2 
plate oriented at 33.75 degrees relative to the incident beam, so as to rotate the beam an 
additional 22.5 degrees to yield at location c the 45 degree polarization (shown in graph c of 
FIG. 3B), which is at 45 degrees to the [Oil] direction of the substrate 42, i.e., the cleave plane 
of the wafer. Similar rotations are shown for the reflected beam at the successive locations d, e, 
and f, the resultant polarizations respectively being as shown in graphs d, e, and f of FIG. 3B 
As sho wn in graph f in particular, the electro-optic effect of any voltage present on the substrate 
42 at the spot at which the beam reflects therefrom brings about a change in the specific 
polarization orientdtipn in an amount designated in graph f of FIG. 3B as &, and that change is 
reflected in an amplitude change or intensity modulation in the output signal at location g that 
passes to the photo-diode 44 (as shown in graph g of FIG. 3B). It is the measurement of & that 
constitutes the voltage measurement. Among the various techniques of pre-determining the 
voltage patterns to be used in testing an integrated circuit, or indeed an entire printed circuit, 
Springer, U.S. Patent No. 4,625,313, describes the use in a CPU of a ROM "kernel" in which are 



stored both a test program sequence and the testing data itself. • 

Since the system taught by W eingarten et al. does not include a probe proximate 
the circuit under test the limitations imposed by capacitive loading of the circuit to be tested is 
avoided. However, the system taught by Weingarten et al. is limited to "point probing," by the 
lens 41 converging the input beam into a test point on the order of one wavelength, 
unfortunately, to test an entire circuit an excessive number of tests must be performed. In 
addition, it is not possible to test multiple points simultaneously without the use of multiple 
systems, which may be useful in testing different portions of the circuit that are dependant upon 
one another. The resulting data from the system is presented to the user as a single amplitude 
measurement, i.e., the intensity of the signal produced at the photo-diode 44 depends simply 
upon the degree to which the polarization of the reflected light entering the beam splitter 36 has 
been rotated, so that not only are the actual phase and polarization data that derive the reflection 
process lost, but the precision and accuracy of the measurement becomes subject to the linearity 
and other properties of the photo-diode 44 and the display 46. 

Various other techniques by which semiconductors may be characterized, using 
electromagnetic radiation of different wavelengths under different conditions is cataloged by 
Palik et al. in "Nondestructive Evaluation of Semiconductor Materials and Device," Plenum 
Press, New York, 1979, chapter 7, pp. 328-390. Specifically, treatment is given of (1) infrared 
reflection of GaAs to obtain the optical parameters n and k and then the carrier density N and 
mobility u; (2) infrared transmission in GaAs to determine k from which is determined the 
wavelength dependence of free carrier absorption; (3) infrared reflection laser (spot size) 



scanning of and transmission through GaAs to determine free carrier density in homogeneity, 
including local mode vibrations; (4) far infrared impurity spectra; (5) infrared reflection and 
transmission from thin films on a GaAs substrate; microwave magnetoplasma reflection and 
transmission; (6) subrnillimeter-wave cyclotron resonance in GaAs to determine 
magnetotransrnission; (7) ruby laser radiation to form a waveguide in a GaAs film on a GaAs 
substrate, the propagation features of which are then measured using infrared radiation; (8) 
infrared reflectance from multilayers of GaAs on a GaAs substrate; (9) reflectance 
measurements of graded free carrier plasmas in both PbSnTe films on PbSnTe substrates and 
InAs on GaAs substrates; (10) interferometric measurements of ion implanted layers; (11) 
infrared restrahlen spectra, also to determine lattice damage effects; (13) ellipsometric 
measurements of ion-implanted GaP; (14) determination of optical constants by internal 
reflection spectroscopy; (15) laser raster scanning of semiconductor devices to measure 
photoconducti vity, to track the flow of logic in a MOS shift register (because of current 
saturation, the effect of the laser light differs in cells in the G or 1 logic state), and with a more 
intense laser power level to change those logic states (i.e., to write to the circuit); (16) laser 
raster scanning of semiconductor devices to determine variations in resistivity and carrier 
lifetimes; (17) thermal imaging of circuits to find hot spots; (18) Raman backscattering to 
determine free carrier density; (19) carrier injection to study the band edge; (20) birefringence 
measurements in monolayers of GaAs and AlAs on GaAs to characterize the resultant strain; 
(21) photoluminescence and cathodoluminescence measurements of implanted layers and 
acceptor and donor densities. With the exception of (7) above which relates to waveguide 



transmission, and also of (15) and (17), these techniques relate to the characterization of static 
systems. While (15) relates to a spot scanning technique of the operational integrated circuit and 
( 1 7) relates to hot-characterization of the device temperature. 

What is desired, therefore, is a non-invasive technique to measure voltage levels 
within a device. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

The present inventor came to the realization that the single point non-invasive 
probing technique of semiconductor materials could be enhanced if both the phase and 
amplitude, or polarization and amplitude properties of light transmitted thorough or reflected off 
of a semiconductor material could be recorded or otherwise preserved in some manner. 
Semiconductor materials generally exhibit electro-optic (generally 3/5 semiconductor materials) 
or photo-refractive effects (generally silicon based expitaxal circuits), which can be made to 
become birefringent by the application of an electric field, either as such or as embodied in 
electromagnetic radiation. Also, surface reflection and/or transmission probing of 
semiconductor materials, such as for example, GaAs, germanium or silicon, can be modulated by 
for example, cathode reflections modulation (E-beam), an electric field, voltage, heat, pressure, 
x-ray radiation, magnetic fields, and photo injection. The present inventor then came to the 
realization that if an object in a state in which it is not birefringent, but such birefringence can 
then be brought about in some manner such as electrical or electromagnetic techniques, the 
nature of the birefringence so introduced can be studied to determine characteristics of the 



material. Upon further consideration the present inventor then came to the realization that 
holographic techniques can record both the phase and amplitude, or the polarization and 
amplitude properties of light, such as that passing through or reflected off a semiconductor 
material, which can then be reconstructed. Holographic techniques provide the ability to 
examine materials using a wave front that is greater than, and typically substantially greater than, 
the physical focal point of the wavelength of the light. Further, the present inventor came to the 
realization that using field based interference patterns detail regarding the structure and 
operating characteristics of semiconductor devices considerably smaller than the physical focal 
point of the applied light or applied signal may be determined. Likewise, obtaining such 
holographic information will enable the development of other devices, such as for example, 
lenses, filters, and optical devices, which are based on, at least in part, the operating 
characteristics of semiconductors. 

A hologram is created by a coherent light beam being transmitted through or 
reflected from an object onto a recording medium, which at the same time the original beam is 
also directed onto that recording medium as a reference beam. Various characteristics of the 
resultant transmitted or reflected beam, herein called the "object wave," are recorded in the 
resultant interference pattern between the object wave and the reference beam, i.e., as a 
hologram. These characteristics can later be observed by illumination of the hologram by that 
reference beam alone. That is to say, inasmuch as the phases or polarizations of the reference 
beam and the object wave have been recorded in that interference pattern along with their 
intensities, the wave produced by illuminating the hologram with the reference beam is 



essentially an exact replica of the object wave. Those characteristics are in part a consequence 
of the physical structure (i.e., "appearance") of the illuminated object, hence the wave so 
observed appears as a three dimensional image of that object. Optical Holography, Second 
Edition, by P. Hariharan, 1996 describes some general optical holographic techniques, and is 
incorporated by reference herein in its totality. 

The present inventor also realized that particular semiconductor materials are 
generally transparent to light of particular wavelengths so that the light may freely pass through 
and reflect back though all or a portion of the semiconductor, or otherwise pass through the 
semiconductor, substantially "unaffected" when the semiconductor is not stressed, such as by no 
applied voltage, not subject to a electromagnetic (e.g. radio wave) field or signal, magnetic field, 
x-ray radiation, gravity wave, subatomic partical radiation, pressure, temperature, photo- 
generated carriers, subject to electron- or ion-beam devices, bioelectric, or chemical. Likewise, 
when the semiconductor material, such as one including an integrated circuit, is stressed by 
applying a voltage therein by energizing a circuit fabricated therein, or by applying a different 
energy level, the same light will reflect or otherwise pass through the semiconductor material, 
while being affected by the changes imposed by the applied voltage, thereby resulting in a 
different pattern. The stressed and unstressed states may be recorded as different holographic 
images. In addition, it is within the scope of the present invention to make a comparison 
between two different stressed states. The two holographic images may then be compared to one 
another to determine the actual operating characteristics within the semiconductor material. In 
addition, by its nature, holographic imaging techniques record a significant spatial region much 
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larger than a single wavelength simultaneously which is important for characterizing regions of 
the semiconductor material. For example, the operational characteristics of two different regions 
may be interrelated which is unobtainable using techniques limited to a wavelength in "spot 
size." The present inventor's realization that the application of holographic techniques for the 
testing of semiconductor devices was only after at least the culmination of the aforementioned 
realizations. 

Of particular interest is the "real time" characterization of operating 
characteristics of integrated circuits where such birefringence is introduced by the electro-optic 
effect, i.e., the imposition of a voltage onto the object (as in the ordinary operation of the 
integrated circuit) causes birefringence therein. Birefringence in 3/5 materials generally imposes 
a rotation of the polarization which is primarily a polarization and/or amplitude shift. Voltage 
induced changes in silicon materials generally imposes a refractive index shift which is primarily 
a phase and/or amplitude shift. Both of these occurrences are detectable, such as for example, 
with a polarized beam, a polarization recording hologram, an amplitude hologram, and/or a 
phase hologram. In other words, upon application of an electric field the material, such as GaAs 
or silicon, introduces an anisotropy and the ordinary complex refractive index n* of the material 
is decomposed into n<* and r^* components. Another technique applicable to appropriate 
substrates whether or not any operational voltages are also applied thereto, lies in utilization of 
the photo-refraction effect, wherein electromagnetic radiation of a required intensity is 
illuminated onto the substrate, and a birefringence or change in birefringence is then brought 
about. Inasmuch as semiconductor and like materials are generally characterized by a 



wavelength threshold below which photo-refraction will occur, but above which no photo- 
refraction takes place, this latter mode of operation employs electromagnetic radiation of 
differing wavelengths, first to bring about a desired photo-refractive effect, and then secondly to 
analyze the effect so brought about. 

FIG. 4 illustrates a holographic system that presents isopachic images. 

FIG. 5A shows a holographic apparatus 200 comprising a laser 202 such as a frequency 
stabilized infrared filtered He/Ne or NG/TAG lasers with a filter or the like, from which is 
derived a plane wave of linearly polarized light 204. The optical path thus defined may 
optionally include a selected first neutral density filter 206 that will permit convenient 
adjustment of the laser power level. The beam 204 from the laser 202 (or from the filter 206, if 
used) may then be passed into a first broad band polarization rotator 208 for purposes of placing 
the plane of polarization of the laser beam at a desired orientation. Whether or not the 
polarization rotator 208 is used, the beam may then be passed through one or more first 
waveplates 210 that may optionally be used to establish a desired degree of ellipticity in the 
beam. In any case, the resultant beam then may pass through a first objective lens 212 and a first 
spatial filter 214 to Impinge on a first converging lens 216 that will then yield an expanded plane 
wave 218. The converging lens 216 may be an achromatic type which is diffraction limited at 
1.03 urn (the filtered infrared He/Ne wavelength) for optimal 1:1 imaging. Alternatively, first 
objective lens 212, first spatial filter 214, and first converging lens 216 may be incorporated 
together within a laser collimator, or in any such similar device. 

Plane wave 218 is then incident on a beam splitter 220 that provides two 
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reference beams: first reference beam 222a that is incident on test object (TO) 224, a second 
reference beam 222b that will ultimately impinge on recording device (RD) 226. Beam splitter 
220 may, for example, be a pellicle beam splitter. For RD 226, either infrared photographic 
film, an infrared sensitive electronic device, such as an infrared CCD, or an infrared thermo- 
plastic recorder, or any other similar device may be used. As a result of first reference beam 
222a being reflected back from the surface of TO 224, a object beam 228 will pass back onto 
beam splitter 220 so as to be reflected towards and ultimately impinge upon RD 226. Since both 
a reference beam (second reference beam 222b) and an object beam (object beam 228) that 
derive from a common, preferably coherent source (laser 202) are simultaneously incident on the 
recording device 226, the conditions for forming a polarization preserving hologram are present. 

Consequently, FIG, SA is also seen to include a pair of lenses 230, 232, which 
are meant to provide a generic indication of a beam conditioning element that may be any one of 
many types that are well known in the art, and by which the precise degree of focus, convergence 
or di vergence, or other aspects of the beams that are to impinge on the RD 226 can be adjusted. 
It is to be understood thai, such beam conditioning is optional. For example, in a fixed system 
the reference and object beams are passed through identical optical components and their 
conditioning or lack thereof are the same, i.e., in a first approximation the differences between 
the two beams would derive solely from the effects of the first reference beam 222, having been 
reflected from the TO 224 so as to yield the object beam 228. More exactly, the foregoing 
statement assumes that the first and the second reference beams 222a, 222b are identical, which 
may not be the case because of differing aberrations or the like being present in the beam splitter 
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220 as to the first and the second reference beams 222a, 222b. Therefore, the elimination of 
effects arising from sources other than from object beam 228 itself can occur with reference to 
comparisons of two or more such holograms that have been recorded under identical 
circumstances. 

To permit such a procedure, the in line apparatus of FIG. 5A may be modified 
with respect to the nature of the recording device in order to produce additional holograms. 
Since that modification may itself introduce differences in the precise conditions of 
measurement for reasons other than any optical aberrations in the beam splitter 220, the lenses 
230, 232 (or, more exactly, any particular beam conditioning elements that may be employed for 
such purpose) are to be used to condition the beams passing therethrough so as to duplicate, in 
the process of recording additional holograms, the conditions of the beams under which a first 
hologram was recorded. For purposes of the present invention, and in taking an initial hologram, 
the TO 224 may be any suitable to which the characteristics are desired, such as for example, a 
functional IC on which the surface has been exposed (i.e., potting is not present) but to which no 
voltages or other external stimuli have been applied, a semiconductor material such as a wafer 
taken from or existent within a wafer manufacturing line, a semiconductor wafer taken from or 
existent within a chip manufacturing line at any of various stages of manufacture (deposition, 
etching, metallization, etc.) or the like, the RD 226 may be taken to be any suitable material for 
recording a holographic image, such as for example, an infrared photographic film or an infrared 
thermoplastic plate onto which the initial hologram is recorded in the graphic film or 
thermoplastic plate onto which the initial hologram is recorded. The recorded infrared film 226 



subsequently may be vie wed by various angles to resolve three dimensional features and details. 
In this manner, among other techniques, the voltage pattern of the device may be viewed in a 
three dimensional manner. Holographic image reconstruction from an voltage pattern or a 
microwave signal in a device recorded at 1.15 ^un may be obtained using a shorter wavelength 
such as 0.633 [im from recorded films or thermoplastics. This is important when multilevel 
electronic circuit layout techniques are used so thai the voltages may be determined within the 
bulk of the material. 

FIG. SB shows an alternative embodiment, with like elements being indicated by 
like numerals but in which, among other changes, the RD 226 has been replaced by the RD 234, 
which is a conventional infrared CCD camera. Since constructive and destructive interference 
between coherent waves occur with respect to that electromagnetic radiation itself, without 
regard to the nature of any device onto which the resultant interference wave may be recorded, 
the hologram (which in many cases is considered an interferograrn) may be recorded by an 
infrared CCD camera as well as by infrared photographic film(s) or an infrared thermoplastic 
recorder, described later. Consequently, upon extracting the infrared CCD image in the usual 
manner, one acquires^ digital representation of a hologram as derived from interference - 
between the particular reference wave and object waves that were incident upon the infrared 
CCD camera during the time for which the image was so extracted. Unfortunately, CCD 
cameras typically have limited spatial and/or temporal resolution. 

As to the case in which the TO 224 is a functional but not energized IC, a first 
hologram can be recorded therefrom using the apparatus as shown m FIG. SA, i.e., the hologram 



is recorded onto an infrared recording device, such as for example either onto infrared 
photographic film or within an infrared thermoplastic plate. A second hologram can then be 
made of that same TO 224 while either being energized with a DC or an AC voltage or 
illuminated with light of a wavelength Shorter than the characteristic threshold wavelength for 
the material so that a change is imposed therein. In the case in which the TO 224 is a semi- 
conductor wafer, a first hologram may similarly be recorded and then a second hologram may be 
recorded while illuminating the wafer iii the manner j list stated. In either case, any 
(birefringence) effects brought about either by the electro-optic effect or by the photorefractive 
effect will then be recorded. A comparison of the two holograms, both taken from one or the 
other instance of the TO 224, and advantageously by illuminating one hologram through the 
hologram taken of the other, will isolate such electro-optically or photorefractively produced 
birefringence. Alternatively, the film 226 may be partially exposed to the unstressed image of 
the TO 224 and then subsequently partially exposed to the voltage induced stressed image of the 
TO 224 (or vice versa) to provide a holographic image with interference patterns recorded. The 
film 226 may be subsequently removed and analyzed. 

Alternatively, a second hologram can be recorded using the apparatus in the in 
line configuration shown in FIG. SB, e.g., using an infrared CCD camera 234 as the recording 
device. However, attempts to compare a hologram taken from CCD camera 234 with another 
hologram that was recorded by any other means introduces inevitable experimental error. 
However, the comparison of two separately obtained holograms, such as from one or more 
infrared CCD's or other infrared recording devices, is within the scope of the present invention. 



-16- 



If a first hologram is recorded using film 226, and then a second hologram is recorded using 
CCD camera 234, the two might in principle be compared, e.g., a print might be made from each 
of the recording mechanisms (i.e., film 226 and camera 234), and their differences might then be 
explored, for example, by using a beam from laser 202. However, making such prints introduces 
several experimental artifacts, including such factors as: (1) differences in the spectral sensitivity 
of the film arid the CCD camera; (2) differences in the mechanics of printing from the two 
different media, such as a photographic film or from digital data; (3) differences in the precise 
experimental configuration at the time the holograms were made, e.g., replacement of film 226 
with camera 234 could not have been accomplished with total accuracy; (4) the optical line 
resolution of the infrared film and camera based devices. As to the differences arising from a 
printing process, the photographic film might be developed and scanned, and thereafter treated 
as digital data, but the first factor involving the different spectral sensitivity and the scanning 
process itself would again present artificial differences between the two holograms that did not 
arise from the TO 224. In lieu of the foregoing processes, it is more typical to use a first 
hologram as a "mask" through which the reference beam is transmitted while making the second 
hologram (thus shoeing differences), but even in this case the film may need to be removed,, 
developed and then replaced, so the placement errors just mentioned may still be present. 

One of the sources of error as just noted is removed when recording a first 
hologram onto an infrared thermoplastic plate. For example, if a holographic recorder is used in 
conjunction with an installed thermoplastic plate, after exposure the thermoplastic plate is 
developed in situ, i.e., the plate is not removed from the optical path for such purposes. The 
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error brought about by removing the recording medfum for development and then replacing that 
medium back into the experimental apparatus is thus eliminated. Also, holographic image 
reconstruction from an voltage pattern or a microwave signal in the thermplastic device recorded 
at a wavelength of 1 . 1 5 jxm may be obtained using a shorter wavelength such as 0.633 \im by 
increasing the image by a factor of two. Also, differences in the spectral sensitivity and optical 
resolution (lines per unit of length) of the thermoplastic plate and CCD camera 234 remain as a 
significant source of a experimental error. 

A CCD camera 234 may be used as the sole recording device, whereby the first 
and indeed a multiplicity of subsequent holograms can be recorded. If the recording rate of the 
CCD camera 234 is slower than the rates of operation of an IC itself, timed optical pulses may 
be used for sampling the device under test. An additional advantage in using only the CCD 
camera for recording holograms is that the "reference" hologram, i.e., the hologram recorded 
from the TO 224 (either as an IC or as a semiconductor wafer) at a time thai no voltages or 
birefringence-inducing laser light was applied thereto, will be recorded digitally as well, and 
comparisons between the reference and subsequent holograms can be made by means other than 
within the experimental apparatus itself, i.e., by ordinary digital signal processing (DSP), 

For the purpose of processing such a data stream, FIG. SB also includes an 
analyzer 236 connected to the CCD camera 234, and also a monitor 238 connected to analyzer 
236. Inasmuch as the laser source in the present embodiment is preferably a pulsed CVV 
NG/TAG laser with a filter, the data to be analyzed may be generated by triggering the recording 
of CCD images in synchrony with the imposition of particular voltage data onto the TO 224, 
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which may be an IC or possibly an entire printed circuit As noted previously, the Springer 
patent describes the use of a digital "kernel" comprising a predetermined test program together 
with the digital data to be employed by that program, both of which are stored in ROM The 
Springer apparatus then uses voltage probes and the like applied to various circuit nodes to test 
circuit performance in a "manual" fashion; the present invention, of course, centers on an 
"automatic" process of testing an entire IC, circuit board or, as will be shown below, a 
semiconductor wafer at any desired stage of manufacture. FIG. SB thus shows a device driver 
240 which connects to the TO 224 through a bus 242 and carries voltage data 244 thereto, while 
a trigger line 246 which connects from the device driver 240 to CCD camera 234 conveys a 
trigger signal 248 thereto, the relative timing by which voltage data 244 and a trigger signal 248 
are so transmitted being established such that CCD camera 234 records one or more images at a 
time that the voltage data 244 have been applied to the TO 224. Within the limits of the 
operational characteristics of the CCD camera 234, the dynamical processes by which the 
voltage data 244 have particular effects within the TO 224 (e.g., the turning on or off of a 
transistor, a voltage pulse propagating down a bus, etc.) can be traced by transmitting the trigger 
signals 248 to the CCD.eamera 234 at some multiple of the frequency at which the voltage - 
signals 244 are sent to the TO 224, so as to evaluate such parameters as transistor rise or fall 
rime. It is to be understood that other recording devices 234 may likewise be used. 

In order to illustrate the uses of the aforesaid components and those to be describe 
hereinafter, it is appropriate to outline in greater detail the characteristics of an exemplary 
representative TO 224, which for purposes of illustration to is taken be a wafer of GaAs that has 



been industrially prepared as a substrate for subsequent IC manufacture. GaAs is a direct-gap 
(but nearly indirect-gap) semiconductor having the zinc blende structure with a lattice constant 
of 0.5653 iim, i.e., it has the face-cetttefed cubic structure but without inversion symmetry, and 
thus belongs to the point group Td. The static dielectric constant of GaAs is 12, and the exciton 
binding energy E B is 4.2 ffieV. 

T d symmetry defines an isotropic material that at any selected wavelength 
exhibits but a single refractive index it In order to observe birefringent effects in GaAs, 
therefore, it is necessary to induce the same, either by the electro-optic effect or by the 
photorefractive effect. The manner in which such effects can be measured most productively 
can be related to the manner in the birefringence so produced relates to the GaAs crystal 
structure. That is, changes in the optical properties of the GaAs crystal that render it birefringent 
may be treated in terms of that crystal no longer being cubic, i.e., any crystal that exhibits 
birefringence should have one or more unique optic axes and hence, at least with respect to 
optical refraction, no longer exhibits cubic symmetry. 

For purposes of future reference, the standard definitions of the planes in a cubic 
crystal are shown ih ^FJG. 6 A, wherein a face-centered cubic crystal is superimposed on a 
coordinate system with the origin at the center of the crystal, the (100) plane cuts the x axis, the 
(010) plane cuts the y axis, and the (001) plane cuts the z axis. The GaAs wafer is cleaved along 
one such plane, but since these planes are physically identical, for convenience the surface plane 
of a GaAs crystal (and of the ICs formed therefrom) is usually referred to as the (001) plane, and 
the normal to that plane is the z axis. The x and y axes thus lie orthogonally within the (001 ) 
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plane, and one issue that arises in the course of manufacturing ICs from such a wafer, and which 
can be resolved using the present invention, lies in determining the location of those x and y axes 
so as to permit the marking of the wafer to indicate that orientation for purposes of later IC 
fabrication. 

FIG. 6B shows the refractive index indicatrix for an isotropic (i.e., cubic) crystal 
such as silicon based materials, which is seen to have the form of a sphere, and from which it 
can be seen that the refractive index of the material has the same value in all directions (i.e., any 
line through the center of the indicatrix has the same radius as any other line through that 
center). Upon application of an external electric field, or of light having sufficient photon 
energy to cause photorefraction, the material will become birefringent. For purposes of 
discussion, the refractive index indicatrix of both positive and negative uniaxial crystals that 
have two refractive indexes, i.e., for the ordinary (rio) and the extraordinary ray (r^), are shown in 
FIGS. 6C and 6B. In effect, birefringence induced by either of the aforesaid methods converts 
the crystal structure into one that is no longer of the cubic class. It thus becomes necessary to 
identify the classes that may so be formed, and the means for forming them. For that purpose, 
FIG. 6E shows the Indicatrix and resultant wave propagation for a generalized wave normal, 
which may be taken as a light wave that is incident on the crystal at some arbitrary angle. 

The symmetry aspects of applying external forces to crystals have been discussed 
by J. F. Nye in Physical Properties of Crystals (Clarendon Press, Oxford, 1972), pp. 235-259, and 
especially pp. 245-246. A principal characteristic of such force applications is that a force that 
has one or more symmetry elements in common with those of the crystal to which the force is 



-21- 



applied will be effective, while any symmetry elements of that force that is do not likewise 
characterize the crystal will have no effect thereon. At first glance, this would not seem to be 
particularly important as to GaAs which, being a cubic crystal, has the maximum number of 
symmetry elements. However, inasmuch as the result of applying a force having a particular 
symmetry element is exhibited by way of altered features of the crystal that share that particular 
symmetry element, the precise nature of the effect brought about will depend upon which 
symmetry elements characterized the applied force. For example, while any voltage of sufficient 
magnitude will cause birefringence in a GaAs crystal, but precisely what kind of birefringence 
that will be and how it would appear if examined holographically will depend upon the 
orientation of that electric field relative to the crystal axes. 

An electric field that is normal to the exposed (001) face of a GaAs crystal would 
have the effect of defining the corresponding z axis as the optic axis. An electric field that is 
tangential to that (001) face will define an optic axis lying somewhere in that face, i.e., either 
coincident with one or the other of the x and y axes or lying at some angle thereto. The 
indicatrix for the resultant uniaxial "structure," which will then determine the directions of 
propagation of the transmitted rays that would result from imposing an incident beam of light 
thereon, will have a corresponding orientation relative to the x andy axes. Because of the 
induced birefringence, there will be two rays, linearly polarized at right angles to each other, that 
transmit through the uniaxial crystal so formed, and by conservation principles the 
corresponding rays that reflect therefrom will likewise be so polarized. As will be seen below, 
this combination of events lends itself to direct determination by the present invention, since the 



apparatus that embodies the invention preserves not only the amplitude and phase of the 
reflected radiation as in a normal hologram, but also the polarization. 

FIG. 7 depicts an in line holographic apparatus 300 which analyzes 
semi-conductor materials to which no voltages have been applied, but onto which a laser beam 
can be transmitted so as to bring about induced birefringence, as the source of holographically 
detectable refractive index or polarization changes. Holographic apparatus 300 differs from 
holographic apparatus 200 in including therein a first activating laser module 350, which centers 
on the use of a higher energy (and preferably of a highier photovoltaic generating power) laser 
352, which may, e.g., comprise an argon ion laser of a ultraviolet laser. Laser beam 354 emitting 
therefrom transmits through a second objective lens 356, a second spatial filter 358 and a second 
divergent lens 360 to a the broader beam 362 that is then incident on the TO 224, Deriving as it 
does from an argon ion laser, the laser beam 354 may have a wavelength of 458 run, 
corresponding to a photon energy of 6.946 ev, which will suffice for the generation of refractive 
index changes therein for materials such as GaAs that have a lower threshold energy for 
photorefraction. For that purpose, the pulse generator 264 transmits the pulse 266 over a line 
368 so as to generate a pulse of light from the laser 352, and one or more appropriately timed 
triggers 370 are sent over a trigger line 372 to the CCD camera 234 (or other recording device) 
to acquire one or more images of the TO 224 under the condition, as just indicated, that the laser 
beam 362 is incident thereon. This process may be referred to as stroboscope holographic 
interferometry where a hologram of a vibrating object is recorded using a sequence of pulses that 
are triggered at times delta tl and delta t2 during the vibration cycle. The hologram is equivalent 



to a double-exposure hologram recorded while the object was in these two states of deformation, 
and the fringes have unit visibility irrespective of the vibrating amplitude. The phase of the 
vibration can be determined from a series of holograms made with different values of delta t2, 
keeping delta tl fixed; alternatively, real-time observations can be made. In essence, the pulses 
are preferably timed to the operation of the test object. 

With regard to another aspect of holographic apparatus 300 (and of all variations 
thereof described herein), the ability of holographic apparatus 300 and variations thereof to 
accomplish measurements of an entire wafer (or portion thereof) or the like at once provides yet 
another advantage. That is, region 274 shown in FIG. 7, which contains only the TO 224, 
interacts with the rest of holographic apparatus 300 only by way of light beams, i.e., by the first 
reference beam 222a, the object beam 228, and the laser beam 362. Region 274 may then 
constitute a clean room in which the manufacture of wafers, or the ICs to be derived therefrom, 
is actually carried out. Holographic apparatus 300 and variations thereof thus make possible a 
complete regime of quality control in IC manufacture, at every stage from the initial wafer to the 
point at which the wafer is diced into individual ICs. In the discussion which follows, it may 
then be assumed that the TO 224 under discussion is located within such a clean room, and the 
testing apparatus is located in a separate room, connected thereto only through a transparent 
medium (e.g., glass) which precludes passage of contaminants but yet allows passage of the first 
reference beam 222a, the object beam 228, and the laser beam 262 or variations thereof As in 
the case of other experimental conditions that might affect the precise nature of the holograms 
obtained, any variations therein that derive from the presence of such a medium within the 
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optical path will be eliminated in the process of comparing holograms that were taken under 
identical conditions. 

Different embodiments of the invention as described also differ in the nature of 
the elements used to transmit appropriately structured laser beams onto the TO 224, and for that 
purpose the second laser module 280 is shown in FIG. 8, which includes elements additional to 
those of the first laser module 350 of FIG. 7. Specifically, the second laser module 280 includes 
in sequence a laser 282 (that may be identical to previous laser 352) that yields a laser beam 284 
(that may be identical to laser beam 204), a second neutral density filter 286 (that may be 
identical to the first neutral density filter 206 as used elsewhere in holographic apparatus 300), a 
second polarization rotator 288 (that may be identical to the first polarization rotator 208 as used 
elsewhere in holographic apparatus 300), one or more second waveplates 290 (that may be 
identical to the first waveplates 210 as is used elsewhere in holographic apparatus 300), a third 
objective lens 292 (that may be identical to either of the first objective lens 212 as is used 
elsewhere in holographic apparatus 300 or to the second objective lens 356 as used in the first 
laser module 350), a second spatial filter 294 (that may be identical to the first spatial filter 214 
as is used elsewheW.- in holographic apparatus 300 or to a second spatial filter 358 as used in 
first laser module 250), and finally a third divergent lens 296 (that may be identical to first 
divergent lens 216 as is used elsewhere in holographic apparatus 300 or to the second divergent 
lens 360 as used in the first laser module 350), the uses of which then yield a broadened laser 
beam 298 that will be incident on the TO 224 in the same manner as is the laser beam 362 from 
the first laser module 350. The additional elements of second laser module 280, i.e., the second 



neutral density filter 286, the second polarization rotator 288, and the second waveplates may be 
used in the same manner as are the corresponding first neutral density filter 206, first 
polarization rotator 208, and first waveplates 210, namely, to adjust the power level of laser 
beam 284, define the plane of polarization of laser beam 284, and establish a desired degree of 
ellipticity of laserbeam 284, each of which adjustments will of course have corresponding 
effects on laser beam 298. 

Including the additional laser module 280 or 350 provides additional benefits. If 
the laser module provides a small illumination point at a photo-generating wavelength, such as 
for example ultraviolet, then circuits may be triggered. By using a broad beam substantial 
portions of the test object may be illuminated which helps identify test object characteristics, 
such as for example fault locations. Also, if the laser module provides a non-invasive beam it 
may be used to characterize individual portions of the test object. 

That is, in apparatus 300 of FIG. 7, wherein the TO 224 is taken for the moment 
to be a GaAs wafer having the (001) face thereof exposed to reference beam 222a, the precise 
state of polarization of the plane wave 218 can be predetermined by virtue of the first 
polarization roiato? ?08 and the first waveplates 210. Such a predetermination is not readily - 
made with respect to plane wave 362 of FIG. 7, but may be readily made with respect to the 
plane wave 298 of FIG. 8 by virtue of second polarization rotator 288 and second waveplates 
290. Inasmuch as the electric vector E of a light beam lies transverse to the direction of 
propagation, and light beam 298 of FIG. 8 will be incident on the TO 224 in essentially the same 
manner as is beam 362 of FIG. 7, the E vector of the beam 298 when linearly polarized will lie 
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in a plane defined by the z axis of the TO 224 and a second axis that lies somewhere in the x, y 
plane. Similarly, for silicon the change in the refractive index will produce a change in phase, 
which may be determined. 

The fabrication of integrated circuits typically uses structures, such as metal lines 
and ground planes, that are not generally transmissive, unless sufficiently thin. Using a 
transmissive holographic technique requires the light to pass through the test device. On 
extremely high density devices the feature density may be too high to permit sufficient 
transmission. The presence of a ground plane may also restrict transmission. To accommodate 
structures that are not sufficiently transmissive a reflection technique may be employed. 
Transmissive and reflective techniques typically require different holographic systems. 
Referring to FIG* 9, a set of potential transmission and reflection structures are shown suitable 
for transmissive and reflective holographic techniques. 

Unfortunately, the in-line holographic techniques result in the virtual image and 
the coherent source being viewed in-line and are superimposed upon one another making 
analysis difficult. The present inventor realized that an off-axis technique results in two images 
that are separated,' as in the reference beam. This results in a clearer unobscured image that may- 
be readily used, such as for interferometry. One example of an off axis technique is shown in 
FIG. 10 where the object and the reference beams are imaged on the recording medium, using a 
transmissive technique. For example, when the test device 224 is unstressed a holographic 
image is recorded on the recording device 226. Then the test deyice 224 is stressed in some 
manner or otherwise activated and another holographic image is superimposed on the recording 
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device 226. Preferably a light valve 347 is used to adjust the reference beam intensity to match 
the object beam intensity using a set of detectors 349, The result is an interference pattern on 
the recording device 226. Alternatively, two (or more) holographic image may be separately 
obtained and analyzed. As in all other embodiments, two differently stressed states may be used, 
if desired. 

Another example of an off axis transmissive beam technique is shown in FIG. 11 
where the object and the reference beams are imaged on the recording medium using a reflective 
technique. For example, when the test device 224 is unstressed a holographic image is recorded 
on the recording device 226. Then the test device 224 is stressed in some manner or otherwise 
activated and another holographic image is superimposed on the recording device 226. The 
result is an interference pattern on the recording device 226. Alternatively, two (or more) 
holographic image may be separately obtained and analyzed. 

Referring to FIG. 12, illustrates a transmissive based system that images at a 
position beyond the recording device 226. The effect of the system of FIG. 12 is a reduction in 
the noise. 

The present inventor came to the further realization that interferometric testing, as 
described by Weingarten et al. in a paper entitled, "Picosecond Optical Sampling of GaAs 
Integrated Circuits", IEEE Journal of Quantum Electronics, Vol. 24, No. 2, February 1988, is 
limited to the rules of conventional microscopy. Such limitations include the inability to resolve 
particles with a limited depth of field. In addition, the system described by Weingarten et al. 
requires accurate alignment of the polarization wave plates in order to interfere the light, which 
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is difficult at best to achieve. Referring to FIG. 15, an improved interferometric tester includes 
an infrared laser 500 that provides an infrared beam or pulse that passes through a polarizer 501 
and a beam splitter502. A quarter waveplate~504 provides a rotation of the polarization plane 
to align the beam with the crystal face or test object A half wave plate 506 rotates the beam so 
that the returning beam is 1 80 degrees out of phase with the incident beam. A zero wave plate 

507 helps to correct for spurious reflections may be included, if desired. A microscopic lense 

508 expands the beam and the beam strikes the test object 510. A pulse generator 512 provides 
energization to the test object. Alternatively, the test object may be energized with any other 
suitable technique, such as a photo-generating beam that generates a voltage or current therein. 
The beam is then demagnitized by the microscopic lense 508 and deflected by the beam splitter 
502 to beam 540. A microscopic lenser514 expands the beam which is then incident on a sensor 
516, such as for example an infrared CCD camera. This provides a wide range field of view 
substantially greater than a single wavelength focal point of the light on the test object. 
Unfortunately, the sensitivity of the system is limited to the optical resolution of the optical 
components, the wavelength sensitivity of the CCD camera, the minimum detectable photo- 
currents of the CCD camera, and the density of the pixels of the camera. In addition, it is - 
difficult at best to resolve device structures within the test object that are less than the 
wavelength of the laser beam. For example, infrared light may be 1.03 microns while the device 
structures of the test object may be 0. 14 microns. 

The present inventor came to the realization that if the CCD camera resolution 
and sensitivity to photo-generated voltages could be enhanced together with increasing the 
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ability of the CCD camera to resolve individual pixels, then the system would not be directly 
limited to the physical attributes of the CCD camera. To achieve such enhancements the present 
inventor determined that using both holographic microscopy and/or holographic interferometry 
of the voltage displacement contours or interferometric fringes of the CCD camera may be used 
to substantially enhance the resolution. The optical image on the CCD produces a varying 
electric field on the pixels and associated structures which in result modulates the refractive 
index of the semiconductor crystals through the electro-optic effect or rotates the polarization of 
the incident beam. If the incident light distribution light changes the crystal in a manner that is 
different than was obtained by the CCD at rest, then a new charge pattern and thus a modified 
image may be obtained. A second sensor that is sensitive to a different wavelength of light than 
the first sensor (CCD) is used to sense the voltage patterns imposed on the first sensor. The 
second sensor may then observe the fringes in the voltage patterns of the first sensor 
representative of the variations of voltage as a result of stressing the test device. Inspection of 
the fringe pattern gives considerable amount of information about the stressed test device. 
Referring to FIG. 14 A, initially an in-line holographic reflection probing system to illustrate the 
measurement of £ CCD with a CCD is shown, may include a polarized beam preferably having a 
wavelength of 1 .03 microns, or 1 . 3 microns or greater. The beam 560 passes through a camera 
lense assembly 564 to make the size of the beam 562 similar to the CCD camera pixel array 566. 
The beam 562 is reflected to the beam splitter 568 and reflected. The beam 570 is incident on a 
CCD 572. The CCD 572 is sensitive to the wavelength of the beam 560/562/570. A second 
beam 548 of a different wavelength of light than the first beam 562, such as for example 700 nm, 
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creates a photo-current in the CCD 566. The beam 562 is non-invasive to the CCD 566 thereby 
not generating photo-voltages therein. The beam 562/570 in essence probes the induced voltages 
of the CCD 566. The beam 562 preferably is incident on the back of the CCD 566, while the 
beam 548 is incident on the front of the CCD 548. The CCD 566 is preferably sensitive to only 
visible light. The CCD 572 records the infrared image as an infrared hologram. The CCD 572 
senses the voltage induced changes in the refractive index and/or polarization shifts in the optical 
properties of CCD 566. Changes in the CCD 566 change the phase and/or polarization of light 
incident to the CCD 572 resulting in detectable changes. 

The inventor then realized, holographic microscopy when combined with conventional 
microscopy offers much greater usefulness in recording both phase and amplitude thaii is 
obtainable with conventional optical lens elements and devices. Likewise, optical holography 
offers the means to eliminate cumbersome optics, beam polarizers, and filters and permit in situ 
placement of more sensitive optics within the ergometric dimensions of conventional 
semiconductor packaging. 

Holographic measurements of dynamic voltage patterns in semiconductors and freecarrier 
devices distributed throughout an appreciable volume and area are not possible with a 
conventional optical microscopic system. This is because a conventional microscope which can 
resolve particles of diameter d has a limited depth of field as shown in the following equation: 

Az « d/2A, 



Holography permits storing a high resolution, three-dimensional image of the whole field at any 
instant. The sationary image reconeonstructed by the hologram can be examined subsequently in 
detai 1, throughout its volume by a conventional BR microscope. 

In-line holography can be used for such examinations whenever a sufficient amount (>80%) is 
directly transmitted to serve as a refernce beam. This premites very simple optical system as 
shown in FIGs 14a,14b, and 14c. However a a distinction must be made between such an in-line 
hologram of a semiconductor integrated circuit and a Garbor hologram. Because of the small 
diameter d of the microchip's device lithography, the distance z of the recording plane from the 
microelectronic device(s) under test easily satisfies the far field condition: 

z»4X/tf 

where the diffracted field field due to the voltage induced refractive index or polarization shifts 
is its Fraunhofer diffraction pattern. 

To give a satisfactory reconstructed image of a semiconductor device under test, the hologram 
should record the central maximum and at least sidelobe of its diffraction pattern. This would 
correspond to IR Wpves travelling at a maximum angle 

e max = 4xyrf 

to the directly transmitted wave, and hence, to a maximum fringe frequency of 4/d, which is 
independent of the values of X and z. Accordingly, for a device under test with 10 \xm 
lithography, the recording material should have a modulation transfer function which extends 
beyond 400 mm" ! . 
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Recording devices and films with lower resolution^ which are fester and easily employed, can 
be used effectively if a hologram is recorded of a magnified image of the device under test. For 
this, the imaged area of the device undertest is imaged near the holographic plane, as shown in 
FIGs 14a,14b, and 14c, with a telescopic system having a magnification between 100 and 1,000. 
This leaves the reference beam parallel and gives constant magnification over the whole depth 
of the field. 

The inventor then realized from this ''material that the depth of the field is also limited by the 
dimensions of the recording material. Examination of the previvious expression for calculating 
the maximum angle, it follws that x, the half-wigth of the hologram, must be greater than 4z7Jd. 
Hence, the maximum depth of field over which the required resolution can be maintained is 
given by the relation 

Determining film or recording medium resolution requirments for off-axis multiple beam 
holographic recording setups. 

Holographic intefferomeiry of phase objects provides a very simple approach to In-line 
holography when a sufficent amount of light is directly transmitted throught the device under test 
serves as a reference beam. Even in applications such as flow visualization and heat transfer 
studies, where conventional interfermetiy has been used for many years, holographic 
inteiferometiy has practical advantages. 
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In this first instance, mirrors and windows of relatively low optical quality can be used. [e:g., 
the 1 cm holographic plate is much larger than the 10 ^m object Since the phase errors due to 
these contribute equally to both interfering wavefronts, they cancel out, and only the effects 
changes in the optical path are seen. However, a significant advantage is the possibility of 
incorporating a diffusing screen (a ground glass prtate) in the interferometer. This gives an 
interference pattern that is localized hear the phase object, and can be viewed and photographed 
over a range of angles. This makes it possible to study three-dimensional refractive index 
distributions. 

If the refractive index gradients in the test section are assumed to be small, so that rays 
propagate through it along straight lines parallel to the z axis, <j>(x,y) the phase difference at any 
point in the interference pattern is given by the relation: 

<j>(x,y) = ko J [n(x,y,z) - no]dz 

(64) 

where no is the refractive index of the medium in the test section in its initial unpreturbed state 
and n(x, y, z) is thifyial refractive index distribution. 

The simplest case is that of a two-dimensional phase object with no variation of refractive index 
in the z direction. In this case the refractive index distribution can be calculated directly from 
(64). This is a valid approximation to many practical situations. 
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Another case which lends to analytic treatment is that of a refractive index distribution /(r) 
which is radially symmetric about ah axis normal to the line of sight (for convenience say, the y 
axis). 

For a ray traveling in the z direction at a distance x from the center, we then have: 



so that (64) becomes: 



(65) 
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(66) 

This is the Abel transform of /(r), arid it can be inverted to find /(r). 

The evaluation of an asymmetric refractive index distribution /(r,8) is much more difficult 
and is possible only by recording a large number of iriterfefgrrarris from different directions. The 
problem becomes even more complicated when the reflects of ray curvature due to refraction 
cannot be neglected. 

Holographic interferometry has been found particularly useful in high energy plasma 
diagnostics. Since, unlike a neutral gas, a plasma is highly dispersive, measurements of the 
refractive index distribution at [different] two wavelengths make it possible to determine the 
electron density directly. This has shown that "the interference fringes are contours of constant 
dispersion and, hence of constant electron density." Both these approaches while demonstrating 



plasma diagnostics, are limited in their utility tiecauSe of the inability of the two holograms to 
provide real-time interferometiy, as needed. 

When using Real-Time holograph is replaced, after 

processing, irk exactly the same position in which it was recorded. When it is illuminated with 
the original reference beam, the virtual image coincides with the object. If, however, the shape 
of the object changes very slightly, two sets of light waves reach the observer, one being the 
reconstructed wave (corresponding to the object before the change) arid the other directly 
transmitted waveform its present state (e.g., changes in the index of retraction will alter the 
reflected optical path). 

The two wave amplitudes will add at the points where the difference in optical paths is zero or 
a whole number of wavelengths, and cancel at some other points in between. As a result, an 
observer, photodeteetor or device viewing the reconstructed image sees it covered with 
interference fringes, which is a contour map of the changes in shape of the object. These 
changes can be observed in real-time. 

Considering an <?ff-axis holographic recording system, the intensity at the photographic plate 
when the hologram is recorded is: 

I(x,y)=(|r-(x,y) +o(x,y)|) 2 

(67) 

where r(x,y) is the complex amplitude due to the reference beam and o(x,y) = I (x,y) I exp H<j) 
(x,y)] is the complex amplitude due to the object in its normal state. 
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Assuming that the amplitude trarismittarice of the photographic plate after processing is 
linearly related to the exposure, the amplitude transittaiice of the hologram is: 

x(x,y)=T o ^p-T-I(x,y) 

(68) 

An alternative to FIGs. 4,5a,Sb,7,10,ll,12,13,14A is a two-beam 
microscopic holographic reflection probing system shown in FIG. 14c, to illustrate the 
measurement of TO 224 or a CCD with a CCD is shown, may include a polarized beam 
preferably having a wavelength of 1.03 microns or 1.3 microns. The beam 760 passes through a 
camera lense assembly 764 to make the size of the beam 562 similar to the CCD camera pixel 
array 766. The beam 762 is reflected to the beam splitter 768 and reflected. The beam 770 is 
incident oh a CCD 772. The CCD 772 is sensitive to the wavelength of the beam 760/762/770. 
A second beam 748 of a different wavelength of light than the first beam 762, such as for 
example 700 nm, creates a photo-current in the CCD 566 or TO 224. The beam 762 is non- 
invasive to the CCD 766 thereby not generating photo-voltages therein. The beam 762/770 in 
essence probes the induced voltages of the CCD 766. The beam 762 preferably is incident on 
the back of the CCD 766, while the beam 748 is incident on the front of the CCD 748. The CCD 
766 is preferably sensitive to only visible light. The CCD 772 records the infrared image as an 
infrared hologram. The CCD 772 senses the voltage induced changes in the refractive index 
and/or polarization shifts in the optical properties of CCD 766. Changes in the CCD 766 change 
the phase and/or polarization of light incident to the CCD 772 resulting in detectable changes. 
A two-beam microscopic holographic transmission probing system shown in FIG. 14C, 
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to illustrate the measurement of TO 224 or a CCD with a CCD is shown, may include a 
polarized beam preferably having a wavelength of 1 .03 microns or 1 .3 microns. The beam 860 
passes'through a camera lense assembly 864 to make the size of the beam 862 similar to the 
CCD camera pixel array 866. The beam 862 is reflected to the beam splitter 868 and reflected. 
The beam 870 is incident on a CCD 772. The CCD 872 is sensitive to the wavelength of the 
beam 860/862/870. A second beam 848 of a different wavelength of light than the first beam 
862, such as for example 700 run, creates a photo-current in the CCD 566 or TO 224. The beam 
862 is non-invasive to the CCD 866 thereby not generating photo-voltages therein. The beam 
862/870 in essence probes the induced voltages of the CCD 866. The beam 862 preferably is 
incident on the back of the CCD 866, while the beam 848 is incident on the front of the CCD 
848. The CCD 866 is preferably sensitive to only visible light. The CCD 872 records the 
infrared image as an infrared hologram. The CCD 872 senses the voltage induced changes in the 
refractive index and/or polarization shifts in the optical properties of CCD 866. Changes in the 
CCD 866 change the phase and/or polarization of light incident to the CCD 872 or TO 224 
resulting in detectable changes. 

The arrangements shown in FIG. 14A/14B/14C can also be employed to enhance the 
senistivity of other voltage measurement and electronic devices shown in FIG ISA and FIG 1SB 
which are fabericated in substrate with or integrated into TO 224 or CCD 872. Examination of 
the targeted Joesphson junction device's diameters in solid state electronic interferometer are 4 
jam 2 and 7 urn 2 respectively, with a line width of 2 ^m on a Gate Delay Joesphson OR Gate with 
Modified Variable Threshold Logic. FIG ISA shows the fabericaiion layout and the targeted 



holographic examination area of the Joesphson device. Where multiple Joesphson devices are 
employed in an electronic device or substrate, multiple target-specific probing beams are 
utilized. These arrangements can also be employed for the enhanced measurement resolution for 
elctronic devices detecting the presence of the followihgibrces acting ujx>n semiconductor and 
free-metal devices; electromagnetic (e.g. radio wave) field or signal, magnetic field, x-ray- 
radiation, gravity wave, sub-atomic partical radiation, pressure/temperature, photo-generated 
carriers, incident electron- or ion-beams, bioelectric or chemical. 

By analyzing the position of the holographic fringes arid the shifts reveals 
information as to the nature of the voltages in the CCD or within the Joesphson devices. The 
result is that the holographic fringes provide a high sensitivity to changes in voltage of the test 
device. Also the fringes increase the density of the sampling points of the CCD not directly- 
provided by the pixels themselves. Analysis of the data from the CCD may provide information 
regarding the structure of the test device substantially smaller than the wavelength of the light 
used. 

Referring to FIG. ISA, a system that includes primarily CCD's is illustrated. The 
magnified sensitivity of the secondary CCD to the primary CCD premites greater field sensitivity 
and resolution to employ holographic Speckle inferometry techniques and devices to the test and 
evaluation of TO 224. 

Factors limiting the resolution holographic lithography and photography are not so much 
limited by the quality optics as in conventual photography and lithographic techniques but, upon 
the coherent nature of the hologram's interfering coherent beams or wavefronts upon the 



-39- 



recording medium. 

For infrared testing it may be desirable to include an infrared sensitive photo- 
conductor as the holographic recording medium. Generally such an infrared sensitive photo- 
conductor generates a photo-current when exposed to infrared light. Such a photo-conductor 
may be, for, example, silicon (for creating photogeherated voltages up to short infrared 
wavelengths of 1.1 pm), Lead Selenide, Indium Arsenide, GaAs, PbTe, GaAs doped with zinc, 
and Lead Sulfide. Accordingly, the photo-current generated in the infrared sensitive photo- 
conductor is generally less than one electron volt. The photo-current then performs the step of 
reducing the surface potential, as in standard visible light photo-thermoplastics for in-line and 
off-axis holographic techniques. 

The unique capabilities of holographic iriterferometry are due to the fact that 
holography permits storing a wave front for reconstruction at a later time and are suitable for 
electrical measurement. Wavefronts which were originally separated in time or space or even 
wavefronts of different wavelengths can be compared by holographic interferometry. It is 
possible to observe holographic interferometry in real time. After processing the first hologram, 
leaving the holographic material in place or replacing it, when it is illuminated with the original 
reference beam, it reconstructs the object wave, and the virtual image coincides with the object. 
If, however, the characteristics of the object changes very slightly, two sets of light waves reach 
the observer, one being the reconstructed wave (corresponding to the object before the change) 
and the other the directly transmitted wave from the object in its present state. The two wave 
amplitudes add the points where the difference in optical paths is zero, or a whole number of 
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wavelengths, and cancel at some other points in between. As a result, an observer viewing the 
reconstructed image sees it covered with a pattern of interference fringes, which is a contour 
map of the changes in shape of the object These changes can be observed in real time. In 
addition, by viewing at multiple angles, a three chnierisiorial modd riiay be developjed of the 
object. One general limitatibri of real-time holographic iriterferometiy is that while the light 
diffracted by the hologram is linearly polarized, the light scattered by a diffusely reflecting 
object is largely depolarized, resulting in a significant drop in the visibility of the fringes. To 
avoid this, it is helpful to use a polarizer when viewing or photographing the fringes. 

In double exposure holographic iriterferometry which may be used to test 
electronic devices, interference takes place between the wavefrohts reconstructed by two 
holograms of the object recorded oh the sairie photographic plate. Typically, the first exposure is 
made with the object in its initial, unstressed condition, andihe second is made with a stress 
applied to the object. When the processed hologram is illuminated with the original reference 
beam, it reconstructs two images, one corresponding to the object in its unstressed state, and the 
other corresponding to the stressed object. The resulting interference pattern reveals the changes 
in shape of the object between the two exposures. Double exposure holographic interferometry 
has an advantage over real-time holographic interferometry, because the two interfering waves 
are always reconstructed in exact register. Distortions of the emulsion affect both images 
equally, and no special care need be taken in illuminating the hologram when viewing the image. 
In addition, since the two diffracted wavefronts are similarly polarized arid have almost the 
same amplitude, the visibility of the fringes is good. However, double-exposure holographic 
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iriterferometry has certain limitations. The first of Which is that where the object (or object's 
refractive index) has not moved between the exposures, the reconstructed waves, both of which 
have experienced the same phase shift, add to give a bright image of the object As a result it is 
difficult to observe small displacements of changes in the material Yiridex of refractive of 
polarization state. A dark field, and much higher sensitivity, can be obtained by holographic 
subtraction, which merely involves shifting the phase of the reference beam by 180 degrees 
between the two exposures. An alternative method, v^ich also helps to resolve ambiguities in 
the sense of changes, is to shift the phase of the reference beam by 90 degrees between the two 
exposures, or, better, to introduce a very small tilt in the wave-front illuminating the object 
between the two exposures. In the latter technique, equally spaced reference fringes are 
obtained, whose change is modulated by the phase shifts being studied Another limitation of 
the double-exposure technique is that information on the intermediate states of the obj ect is lost 
This problem can be overcome to some extent by multiplexing techniques using spatial division 
of the hologram. In the latter procedure, a series of masks are used in which the apertures 
overlap in a systematic fashion, and a sequence of holograms is recorded at different stages of 
loading. The images can then be reconstructed, two at a time, so that interference patterns., 
between any two images can be studied. An alternative is to use thermoplastic recording 
material, by which real-time fringes can be observed arid the fringe pattern subsequently frozen 
to give a permanent holographic record. 

Control of the fringes, to compensate for rigid body motion and eliminate 
ambiguities in interpretation, is not normally possible with a doubly exposed hologram. 
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However, it is possible with two holograms recorded with different angularly separated reference 
waves. These holograms may be either on the same plate or different plates. 

The testing of electronic devices in semiconductor materials may likewise' be 
tested using stroboscope holographic iriteiferbmetry where a holograph of a stressed test object 
is recorded using a sequence of light ptdses that ^ the 
stressing of the test object 

A surface relief hologram can be recorded in a thin layer of thermoplastic which 
is combined with a phbto-coriductbf and charged to a high voltage. On exposure, a spatially 
varying electrostatic field is created. The thermoplastic is then heated so that it becomes soft 
enough to be deformed by the field and, finally, cooled to fix the pattern of deformation. Such 
materially have a reasonably high sensitivity over the whole visible spectrum and yield a thin 
phase hologram with fairly high diffraction efficiency. In addition, they have the advantage that 
they do not require wet processing. If a glass substrate is used, the hologram can be erased and 
the material re-used a number of times. One structure of a photo-thermoplastic is a multi-layer 
structure consisting of a substrate (e.g., glass, Kodar, or Mylar) coated with a thin, transparent, 
conducting layer, an infrared sensitive photo-conductor, arid a thermoplastic. Referring to FIG. 
16, the film is initially sensitized by applying a uniform electric charge to the top surface using a 
corona device that moves over the surface at a constant distance froin it and sprays positive ions 
on to it. As a result a uniform negative charge is induced on the conductive coating on the 
substrate. Next, the film is exposed, and the charge carriers are produced in the photo-conductor 
wherever light is incident on it. These charge carriefs migrate to the two oppositely charged 



surfaces and neutralize part of the charge deposited there during the sensitizing step. This 
reduces the surface potential but does not change the surface charge density and the electric 
field, so that the image is still not developable. Accordingly, in the next step, the surface is 
charged once again to a constant potential, using the same procedure as the first step. As a 
result, additional charges are deposited wherever the exposure had resulted in a migration of 
charge. The electric field now increases in these regions, producing a spatially varying field 
pattern and, hence, a developiable latent image. In the fourth stepi, this latent image is developed 
by heating the thermoplastic uniformly to a temperature hear its softening point This is done 
most conveniently^ by passing a current briefly through die conductive coating on the substrate. 
The thermoplastic layer then undergoes local deformation as a result of the varying electric field 
across it, becoming thinner wherever the field is higher and thicker in the unexposed areas. 
Once the thermoplastic layer has cooled to room temperature, this thickness variation is frozen 
in, so that the hologram is quite stable. Because the latent image is relatively insensitive to 
exposure to light after the second charging, it is possible to monitor the diffraction efficiency of 
the hologram during development and to terminate the application of heat at the proper time. 
Finally, when the plate is to be re-used, it is flooded with a proper wavelength of light, and the 
thermoplastic layer is heated to a temperature somewhat higher than that used for development. 
At this temperature, the thermoplastic is soft enough for surface tension to smooth out the 
thickness variations and erase the previously recorded hologram. A blast of compressed air or 
dry nitrogen is then used to cool the thermoplastic material rapidly to room temperature, in 
preparation for the next exposure. Alternatively, a solvent vapor may be used to soften the 
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thermoplastic. This has the advantage that it eliminates the need to heat the substrate. In 
addition, it gives higher sensitivity and lower noise. Enhanced sensitivity can also be obtained 
by the use of double-layer and triple-layer photo-coriductor systems. 

An infrared seihi-trahspareht material, such as a thin gold layer or a transarent 
electrode, or a suitable organic phdtdcoriductor, may be deposited on the exterior surface of the 
thermoplastic. Besides serving as ah electrode to the photo-conductor it also acts in a manner to 
filter the image. The stressed or unstressed states of the infrared image from the test device is 
exposed and fixed in the thermoplastic material. Thereafter, if ah infrared sensitive camera 
views the thermoplastic material when exposed to the opposite of the stressed or unstressed state 
of the infrared image from the test device. The result is a set of fringes on the thermoplastic 
material corresponding to the ihaxirh^ and minimum intensity distribution. Computer aided 
evaluation of the resulting thermoplastic holographs or inferograms may be used, as desired. If 
an infrared semi-transparent material is used then the infrared camera may be used to view the 
thermoplastic material from the front side through the transparent photo-conductor, as the 
infrared semi-transparent material, such as thin semiconductor material or glass, will make it 
simpler to detect thfr fringes. 

One approach to making thin-phase thermoplastic holographic recordings is to sensitize 
the photoconductor to 1.15 ^m infrared light The photoconductor is formed by adding a 
sensitizer to to polyvinylcabazole (FVK); the dye 2, 4, 7,-trinitro-9-fluorenone is widely used as 
a sensitizer with visiable light. Since the photoconductor formed with this dye in complex with 
PVK is not sensitive to radiate at 1.15 |im, other dyes must be used. The PVK can be sensitized 
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to near infrared by either of two sensitizers, 2.4, 5, 74etranitroflubreribrie or (2, 4, 7- 
trinitrofluorenylidene)-malonoriitrile. A photoconductor solution is prepared by dissolving PVK 
in tetrahydrofiirari arid adding sensitizer at a wieght ratio of one part serisitzer to four to ten parts 
PVK. The holographic device is prepared by dip coating the glass substrate arid its transparent 
electrode with the photoconductor. A thermoplastic layer is added by a second dip cdatirig with 
an ester resin dissolved in naptha. Solution concentrations and dip speeds are adjusted to 
photoconductor and thermoplastic layer thicknesses of approximately 2 and 0. 8 jim, 
respectively. The sensitizer forms a complex with the PVK that appears to the eye as dark 
brown or gray. 

Referring to FIG- 17-19 illustrates what the interference fringes iriay appear as. 
Based on the location and pattern ofthe fringes, together with a knowledge of the anticipated 
associated structure ofthe semiconductor device, the voltage patterns within the device for 
particular structures may be determined. Based on the set of voltage patterns, the designer may 
then iroubleshoot the construction of the device. In this maimer, the designer may obtain in a 
relatively efficient manner a set of voltages internal to the device arid infer from those voltages 
the potential source of any design or fabrication anomalies, as desired. 

While it is potentially conceivable to use infrared photographic films as a 
recording mediurii they are riot especially suitable for several reasons. First, infrared 
photographic films sense and record the infrared light as visible light when developed, and not as 
non-viewable to the human eye infrared light. Typical infrared films record the infrared light to 
a maximum of 1 ,3 14 nm, where the developed image (Bragg cells) on the film is in visible light 
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(550-800 nm) arid hence the visible image cannot refract or detract infrared light. Second, 
typical infrared photographic films have limited sensitivity arid tend to fog due to chemical 
sensitivity. The fogging is principally because of back^dund therinal radiation. Third, after its 
spectral sensitization, a photographic plate is subj ect to thermal b^k^oimd tadiatiori during its 
preparation arid storage, arid the various stages iri thei photographic process. This gives rise to a 
fog and reduces the "lifetime" of a plate, and is the main obstacle to the achievement of 
reasonable photographic sensitivity. What would be desirable is an irifrared "film" type recorder 
that senses irifrared light arid records the irifrared light as an infrared iriiage. 

In addition to recording ultraviolet holograms of voltages arid plasmas in free-metals with 
conventual photographic arid holographic films, the preserit inventor has ideritified serveral 
infrared holographic recdrdirig iriediurris for recdrdirig plasiria arid voltages in semiconductors 
using single and dual wavelength for Gabor-type, in-line holography, off-axis holography, and 
holographic interferograms. A Bismuth recording film has demostrated good seriistivity for 
recording infrared holography for wavelengths from 1.06 ^iiri to 10.6 jirii. A film of Magnesium- 
Bismuth (MnBi) has demonstrated good recording characteristics at 1.06 |im. Plexiglas has been 
used to record infrared holograms at 10.6 nm. 

The present inventor 'came to the realization that a coritrollirig factor should be 
included with the recording rriediuiri io permit the recording of irifrared light only while the 
medium is "turned on," so that the recording material is sensitive orily when a useful image is 
projected on it. In addition, at the end of the exposure, the factor should be "switched off" so 
thai the material remains insensitive throughout the subsequent storage of the exposed material. 
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Thus the basic principle of controllable sensitivity is the sensitization of a photographic material 
only during its exposure. Also, if desirable, the controlled sensitivity may be switched on and 
off only in a certain spectral region (controlled spectral sensitization). The present inventor 
further came to the realization that semiconductor materials exhibiting a photoelectric sensitivity 
in the infrared range miay be used as a recording device. It needs to be understood that in 
electro-photograph recording techniques charge dispursiori and diffusion are limiting factors on 
image resolution. The use of voltage ^ channeling conductive ^ elements arid their subsequent 
arrangements are to be applied to the recording devices described herein, as desired. 

One potential semiconductor material may include bringing into contact, during 
the exposure time, two separate parts of a photographic system , each of which is not 
photographically sensitive on its own but only Mien in contact with the other material. For 
example, a thin photosensitive semiconducting film may be brought into contact with ah aqueous 
electrolytic solution. However, the electrolytic solution arid the photosensitive semiconducting 
film tends to be, by itself, insensitive to infrared light. When the two materials are brought into 
contact, an oxidation-recombination reaction takes place at the semiconductor-electrolyte 
interface. The rate of the reaction is dependant, at least in part, on the electron (hole) density in 
the semiconductor, i.e., on the intensity of illumination falling on the semiconducting film. The 
reaction may be ended by breaking the contact of the two pieces, or any other suitable technique. 
Thus, the semiconductor film is aigairi insensitive to infrared radiation. Alternatively, a 
semitransparent film of lead sulfide evaporated on a glass substrate could also be used as a 
photographic plate. Combined with a germanium filter, this plate may be exposed to obtain an 
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optical image, or the exposure stopped in the latent image stage and the optical density could 
then be increased by "physical" development. Alternatively, a thin semiconductor plate of n- 
type gallium arsenide in contact with an electrolyte solution containing HN0 3 produces ari image 
by selective photo etching of the seiriicoriductorsurface. However, this Tequires a physical 
manipulation of the parts, which is not highly desirable. 

Ari alternative structure includes electrically controlled processes where ari 
"electric shutter" is used to "switch on" the pTrbtorerisitivity during exposure. There are two 
general techniques to electrically control the photographic process with a self-contained current- 
sensitive film, namely, a liquid process arid a process with a self-coritairied current-sensitive 
film. Referring to FIG. 20, a semicbriductirig film 602, covered by a conducting transparent 
layer 600, (such as for exariipfe glass, Mylar, or a semiconductor film) is brought into contact 
with an electrolyte solution 604 bourided on the opposite side by a rrietal counter electrode 606. 
An optical image is projected on the outer surface dfthe filrri 602. Then, electric voltage 
from a power supply 608 is applied to the electrodes 600 arid 606 by closing a switch 610. A 
latent photographic image is formedbecause of the difference in the rates of electrolytic 
deposition of a nieta] from the electrolyte solution on the illuiriiriated arid unilluminated parts of 
the semiconducting film. This image can then be intensified in a "physical" developer. Many- 
materials may be used for the semicbriductirig film 602, such as for example, silicon and 
germanium plates as well as lead sulfide films deposited on transparent conducing layers of 
Sn0 2 . 

Another further embodiment of the image is riot formed on the surface of a 
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semiconductor but in a self-contained euirerit-serisitive film. Referring to FIG. 21, a 
semiconducting film 622 has a protective coating 624. This coating is a composite material 
based on an epoxy resiri with conducting inclusion where the conductivity of this coating is 
anisotropic. The anisotropic coating is pressed tightly against a current-sensitive film 626, 
consisting of a gelatine layer on a liquid-permeable base impregnated with an electrolyte 
solution. The opposite side of the current-sensitive film is covered by a counter electrode 628 in 
the form of a metal foil. The photosensitive semicohductirig film is a large-area surface-barrier 
p-n, n-p-n, or p-n-p, junction with a high-resistivity bulk region. The illuminated side of the 
semiconducting film has an ohmic contact 620. When an external voltage is applied to the film 
(such as for example glass, Mylar, Kddar, etc.), the junction is biased in the reverse direction. 
The junction, whose load is the electrolytic cell 624, 628, operates under the phoio-diode. The 
image is formed by electrolysis in the current-sensitive film 626. The principal advantage of this 
system is the repeated use of the photosensitive element. The system may be used without an 
external voltage source if the electrolyte composition arid the electrode materials are chosen in a 

suitable manner. In this case, simple closing 632 of the circuit's power supply 630 provides the 

} 

"electric shutter" acfibn. The developed film can be subsequently applied or fixed to an optical 
surface or device. 

Yet another alternative embodiment of a semiconductor as the basis of the film 
consists of the following. A charge is uniformly distributed across the surface of a high- 
resistivity semiconductor placed on a conducting substrate. The charge leaks away from the 
illuminated regions because of their photoconductivity and a latent electrophotographic image is 



-50- 



formed oh the plate. The iiriage is made visible by development irivdlvirig the precipitation of 
the charged colored particles of the developer on the uriilluiriiriated parts of the image. The 
photographic sensitivity of the plate is absent during its preparation and is imparted by charging 
the plate. The charging process acts as a controlling factor which "switch on" the sensitivity. 
However, the latent image has only a limited lifetime arid the sensitivity can riot be "switched 
off' after the exposure. The process can be completed by electrostatic development. 

There are additional techniques that may be employed. The effect on a 
photographic plate of the background thermal radiation during the plate's storage and 
preparation before its exposure and during its subsequent treatment can be ; suppressed by 
exploiting the uniform illuiriiriarice of this radiation. A process can be developed in which the 
photographic effect is obtained only by projection of an iiriage with regions of different 
illuminance but not by uniform illumination. A photographic process of this type may ensure 
insensitivity of a photographic material to the fogging effect of the thermal radiation and still 
give an optical image. One of possible variants of such a process involves the use of the photo 
emf in semiconductors, p-n, ri-p-n, or p-ri-p, junctions for the purpose of obtaining a 
photographic image: 'Referring to FIG. 22, two photo-diodes whose p-type regions are 
connected by a metallic conductor arid whose ri-type regions are coririected by an electrolyte EL. 
When the illuminance II of both junctions is the same, they generate identical photo emf s and 
there is no current in the circuit. However, if an additional light flux 12 reaches one of these 
photo diodes, this diode produces a photo emf V2 arid an electric current flows in the circuit. 
The electrode of the more strongly illuminated photo diode acts as the cathode. Neutralization 
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of the metal ions in the electrolyte, which then form an image, occurs near the cathode. 

Other suitable materials for this process include a base layer of n-material Aluminum 
overlaid by layer of p-material silicon which would a photovoltaic response from ultraviolet to 
approximately an infrared wavelength of 1. 1 jam. Since the Aluminum layer is reflective to 
infrared radiation, it is useful in making films for irifrared reflection (ridri-trarismission) 
holograms. Both layers can be plasma deposited onto a high refractive index wafer or quartz 
(glass) surface (with the Aluminum layer outward) so that the hologram is recording through the 
quartz. The image quality of the developed hologram can be enhanced by the addition, a thin (or 
at wavelength specific thichness) dark infrared light absorbing layer of either p- , n- 
semicoriductor or dielectric materials caii be sandwiched between the silicon and aluminum 
layers. In irifrared-transpiarent semiconductor materials, the materials' higher index of refraction 
gives a higher line resolution per millimeter in the processed film. 

It is possible to increase the resolution of the ^ aforementioned semiconductor 
based recording devices by the coiribiriatiori of an infrared wave front (or a relatively equal 
ultraviolet wave front strength to the infrared wave front) arid e-beam convergence on the 
semiconductor in pldce of an applied voltage. 

A further embodiment includes a recording device including a polycrystalline 
film, arid in particular polyerystallirie filrii including lead sulfide arid seleriide. 

Another eriibodiirierit includes a lead sulfide recording device including 
sensitivity-controlling by an electric field applied to a semiconductor - electrolyte system where 
the image is formed directly on the semiconductor surface. A lead sulfide film may be prepared 
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by vacuum evaporation followed by aMealirig. For example, the films may be deposited on a 
glass substrate with semitrarisparerit tin dioxide electrodes (such as a surface resistance below 50 
ohms/square). During exposures the ^ semiconductor film is brought into contact with an 
electrolyte. The exposure is made through a filrii, such as a gerriiaiu The light is 

focused onto the surface of the PtS film. For best results the elector should Have the 
following characteristics: (1) the effect of light should not result in the formation of an image in 
the absence of an electric field; (2) the selectivity of the electrolyte should be hi^ in contrast to 
the electrolytes employed in electroplating; (3) the electrolyte should have a high current 
x efficiency and the electrolysis should give rise to heterogeneous catalysis centers necessary for 
efficient development; (4) the electrolyte should produce ah image with a high color contrast on 
the gray background of the semiconductor film. One potential electrolyte is a solution of simple 
salts, such as lead or silver nitrates, copper sulfate, or calcium chloride. A potential explanation 
of the mechanism of formation includes consideration of the semiconductor - electrolyte 
interface in an electric field. Cathodic polarization of the semiconductor surface produces a 
negative space - charge region and a ^corresponding blocking barrier at the surface of the p-type 
semiconductor. Theselectiori of the elements of the light sensitive PbS - electrolyte system 
consists of addition of oxidizing or reducing agents to the electrolyte in accordance with the type 
of conduction of PbS. Referring to FIG. 23, during exposure to light the voltage applied in the 
blocking direction alters the sign of the surface potential. The photo-excited electron - hole pairs 
are split by the space - charge field. The electrons neutralize the positive electrolyte ions and 
form a metal - deposit image on the semiconductor surface. FIG, 23 illustrates the energy band 
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scheme of a semiconductor to i llustrate the appearance of an anti-blocking barrier at the 
boundary with an electrolyte, where the left side is in the absence of an electric field and the 
right side is during application of an electric in the blocking direction. 

Yet another alternative infrared recording medium is a photo-eohduct-o-graphic 
system. The principal advantage of such a system is the foririatioh of an iriiage in a separable 
film and the consequent reusability of the photosensitive layer. One potential material utilizes 
high-resistivity gallium arsenide without a protective coating which is a coiripromise between 
photo~cbriduct-6-graphic and semiconductor - electrolyte systems, combining the advantages of 
both. Referring to FIG. 24, an image is exposed oh a photo-cbriductbr 680 oh the side covered 
by a semitransparerit electrode 682, preferably made of nickel. A film 683, such as cellophane, 
Mylar, or Kbdar, is imprinted (or otherwise supports or includes) an electrolyte so that it is 
suitable for carrying current is pressed to the opposite side of the photo-conductor, preferably 
with imprinted voltage dispursion arid diffusion restricting structures. The area of this film is 
greater than that of the phbto-cbhductof arid the projecting part of the film is used to make 
contact with a conductive counter-electrode 684, such as a copper or graphite electrode. During 
exposure the serrii-trahsparerit electrode is subjected to a negative potential arid the counter- 
electrode to a positive potential from a power source, such as a battery 685. 

The counter-electrode (anode) is located at such a distance from the photo- 
conductor thai the products of the anodic reaction in the currerit-canying film near the counter- 
electrode can not diffuse into the main part of the assembly and spoil the useful image by 
accidental blackening. 
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The use of high-resistivity gallium arsenide eases the requirements that the 
electrolyte must satisfy in respect of the differential resistance in cathodic reactions, i.e., the 
resistance of the current - carrying film can be relatively high. When a high-resistivity photo- 
conductor is used in direct contact with a current - carrying film (without a protective layer) it is 
found that the system described above operates more or less efficiently with electrolytes. It 
follows that the protective layer need not be used, if desired. 

The principal photographic characteristics of the system are a function of the 
electrolyte used and particularly of the ability of the latent-image centers to become localized in 
the current-carrying film during exposure arid to remain in this film for some time after the ? 
exposure. These characteristics depend also on the process responsible for the visualization of 
the nonmetallic latent-image centers. For example, if a Phenidone electrolyte is used, the latent- 
image centers localized in the film may remain for several minutes and during this time the 
latent image is not affected by ordinary or acidified water. When the electrolyte is a weak 
aqueous solution of a neutral salt, the latent-image centers localized in the film have a sufficient 
degradation time. This time is sufficient for retention of the latent image from the end of the 
exposure to the beginning of the visualization process. 

There may be at least two general types of reactions between a semiconductor 
material and molecules of an adsorbed reactant, controlled by active radiation. First, the 
chemical reaction between the components of the reagent is catalyzed by non-equilibri um 
carriers from the semiconductor. The visual image is produced by heterogeneous - catalysis 
reaction products. Second, the reaction or oxidation of the reagent on the semiconductor 
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surface, involving non-equilibrium electrons or holes^respectively, and the chemical reaction of 
the products with the semiconductor material. The image is produced either through local 
etching of the surface, when the reaction products are soluble or gaseous and are removed from 
the surface, or by colored insoluble reaction products adsorbed oh the surface. For example, a 
gas photo-corrosion of thin semiconducting films of indium antimonide may be used. Since the 
bonds in A lII B v compounds are covalent, a strong oxidizing agent such as nitric acid (vapor) may 
be used as a constituent of the etchant. The deep penetration of the corrosion reaction, to a 
depth where the distribution of lattice defects is still significant, may reduce considerably the 
absorption of visible light in a thin film, if the reaction products are removed from its surface. 
Alternatively, an image may be formed by using a colored film of insoluble oxide on InSb. The 
system my include indium antimonide and nitric acid vapor together with polycrystalline InSb 
films 0.5-1.5 microns thick, deposited by evaporation on glass substrates. The following model 
may explain the process. Initially, the contact between the InSb and the nitric acid vapor 
produces a poly-molecular adsorbed layer of nitric acid. The reduction of the nitric acid by 
equilibrium electrons (minority carriers) is slow. Optical excitation causes a sharp increase in 
the electron density^ the surface, and the reaction becomes much faster. The adsorption 
equilibrium between the InSb surface and the nitric acid vapor is shifted in the direction of 
further adsorption of the reagent molecules. The equation may be as follows 3H* + N0 3 " + 2e~ - 
-> HN0 2 + H 2 0. The products of the reaction interact with indium antimonide and form, at 
points where there is location illumination of the semiconductor, a black film of oxide, which 
constitutes the image. This photographic effect may also be observed in photo-sensitive films of 
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lead sulfide exposed to a mixture of hydrochloric and acetic acid vapors. 

An extension of the aforementioned semiconductor based photography into 
infrared wavelengths may be achieved if the photo-sensitive element is cooled. For example, 
consider a film of semi-insulating GaAs is doped with zinc, 100 microns or less thick, and its 
resistivity generally 10 s ohms cm. The dielectric layer may be a film of polyethylene 10 microns 
or less thick covered by a conducting coating. The semiconductor and the dielectric layer are 
pressed together between conducting electrodes and immersed in liquid nitrogen to achieve 
cooling, if desired. Preferably, the liquid nitrogen is evaporated from the gap between the 
semiconductor and the dielectric. Then simultaneously the system is illuminated and subjected 
to a voltage pulse. The charge is transported across the gap between the dielectric and the 
semiconductor, which was filled with gaseous nitrogen. The dielectric may be extracted from 
the system and developed in a developer which can be subsequently fixed to an optical surface 
or device. In addition, other thin dielectric mediums may be used, such as doped Mylar or Kodar 
films. 

Referring to FIG. 25, yet another alternative recording medium includes a 
semiconductor photkdetector film 691, which has a transparent conducting contact 692 and a 
protective layer 693 (on the outer surface) whose conductivity is preferably anisotropic. The 
protective layer is brought into intimate contact with a current-sensitive electrochemical film 
694, which has a counter-electrode 695. An image is projected on the semi-conductor film 691. 
When the electric circuit is closed by a switch 697, a latent image is formed by electrolysis in the 
current-sensitive film 694 because of the differences between the current density in the 
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illuminated and unillurninated parts of the semiconductor film 691. Preferably, the photo- 
sensitive element is a surface-barrier p-n, n-p-n, p-n-p, junction made of pntype or n-type silicon. 
The p-n, n-p-n, of p-ri-p junction used in such a photographic system should have a high 
resistance and a small area in contact with the anisotropic layer. This assists in preventing 
appreciable spreading of the current, which would affect the resolving power of the system. 
Account is taken of the influence of various treatments on the surface band bending in the 
protective layer. The required characteristics are achieved by etching the silicon surface and 
heat treating the protective layer, which is a compound based on an epoxy resin containing a 
filler and a conducting component. The current-sensitive film should be easily removable from 
the protective layer and capable of further development with a minimum of fogging. Moreover, 
the current-sensitive film should be sufficiently rigid in order to avoid any distortion of the 
image during subsequent treatment. These requirements are reasonably well satisfied by a film 
of tanned gelatine with an admixture of glycerine on a base which is permeable to liquids. After 
the immersion of such a film in an electrolyte solution and subsequent brief drying, its 
consistency should be such as to ensure a satisfactory contact with, and removal from, the 
surface of the anisotropic layer. 

Yet another recording material including semiconductor materials with forbidden 
bands narrower than the forbidden band of silicon. In addition, this may be extended to 
polycrystalline films, if desired. For example, a reaction of lead sulfide or selenide with an 
aqueous solution of AgN0 3 may be used. The rate of the reaction is based, at least in part, for p- 
type PbS or PbSe by the rate of the cathodic component, i.e., by the rate of precipitation of 
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silver. This precipitation rate is determined by the density of non-equilibrium carriers 
(electrons) in the surface layer of the semiconductor; consequently, it depended on the 
illumination. The precipitation of silver was thus localized on the illuminated parts of the 
sample, whereas the sulfide or selehide was dissolved in the unilluminated region. In the case of 
silicon, the image may be projected on that surface of the sample which is opposite to the 
surface in contact with the electrolyte. Pbs films may be evaporated in vacuum on glass 
substrates and activated by heating in air. The thickness of the films is preferably such that they 
are semi-transparent after activation. This makes it feasible to obtain the image by transmission. 

A two part system shown in FIG 26, based upon a p-n silicon and aluminum junction 
with photoelectric IR senistivity to 1 . 1 ^im, it is possible to utilize an IR reflective backplane 
material 900 (Aluminum) arid a top layer 902 of silicon. The device, and all other recording 
materials, can be mounted on 904, a transparent material such as a semiconconductor or a glass 
substrate having a high index of refraction. FIG 26 showns a three-part system based upon 
silicon-aluminum p-n-p or ri-p-n junction. In this device, one layer is doped in two different 
concentrations of p- or n- material. The topi layer 906 being IR transmissive silicon, the middle 
908 layer of either Silicon or aluminum material is doped as to contrast to the 906 silicon layer 
and the bottom 910 Aluminum layer so that a p-n-p or n-p-n junction is created having 
912/914/916 electrical contacts to control each layer in the three-part junction. 

The inventor then realized that these two-part or three-part system films satisfies the 
requirements for making thin, phase, thin-amplitude, thin-phase, and thin-phase-reflection 
holograms, the films did not readily meet the requirements for creating volume- and volume- 
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transmission, and volume reflection holograms. The inventor then realized that IR volume 
holograms could be readily achieved if an ER recording material could created which was able to 
record and resolve greater amplitude and refractive-index values. 

Refering to FIGs 26a arid 26b p- or ri-doping dark (or light absorptive material arid over 
lay it with a infrared transparent material such silicon or 3/5 materials (2/7 materials are possible 
also). 

In FIG 27a and 27b show an approach to enhancing the probing beam's 
sensitivety in FIG 1 by the 'application of ER holographic iriteiferorrietric gratings to form the 
incoming beam or plane wave incident to the LiTa and IR holographic gratings to the object 
beam from the LiTa probe. 

The present inventor came to the realization that temporary transient volume holograms 
utilizing a spatially modulated free carrier pattern would be useful in providing real-time 
hologram recording and interferometric evaluation of TO 224. When a photoconduetor recei ves 
nonuniform illumination, e.g., illumiriation limited to just a small portion of the interelectrode 
spacing, some special effects can be obtained. In general, insulators subjected to such 
nonuniform illumir&tion would be expected to show a negible fractional increase in 
photocurrent because the flow of the current would be effectively prohibited by the buildup of 
space charge. The same is true of seriiicoriductors, if carriers of only one type are mobile, but 
not if the carriers of both types are mobile. 

Shown in FIG 28 is a transrriission holographic setup forxecording volume holograms of 
TO employs temporal free-carriers recorded within a solid state recording medium. 
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The effects which can be obtained with a nonuniform^ excited insulator. As indicated in 
Fig.29, consider a photoconductor illuminated parallel to the applied electric field, e.g., through 
a partially transparent electrode, by light which strongly absorbed and produces excitation on to 
a depth d. The excitation of free carriers in this portion as uniform over the distance d\ the 
excitation of the free carriers in this portion of the crystal creates an effective barrier which will 
have the form shown in Fig.30 the electrons are the majority carriers. If replenishment of 
electrons from the dope semiconductor p- or n-layered materials is not possible, then a small 
space-charge-limited electron current will be drawn when the illuminated electrode is negative, 
and an even smaller current when the illuminated electrode is positive, because of the much 
smaller assumed effective mobility of the holes. But, if replenishment of electrons at the 
cathode is possible; the the space-charge-limited current which flows for the illuminated 
electrode negative may well be smaller then the current that flows for reverse polarity for the 
following reason: AVhen the illuminated electrode is positive, photoexcited holes may diffuse 
under action of the field into the unilluminated portion and there be trapped to provide a positi ve 
space charge; electrons enter the crystal from the photocurrent, continues until recombination 
occurs between a fre§ electron and the hole. It should be rioted that the field direction for the 
maximum current flow for the same material with the same same sigh of majority carriers can be 
reversed, depending on whether or not electrons can be replenished. FIG 29 shows a schematic 
and energy-level diagram of a nonuniforirily excited photoconductor 

A similar set up for the type of photocurrent (primary or secondary) to be expected from 
nonuniform illumination of a photoconductor. This discussion leads naturally to the reason why 
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nonnegible photocurrents can occur in semiconductors with both carriers mobile, even for 
nonuniform illumination. Shown in FIG. 31 is a schematic representation of a photoconducting 
crystal excited nonuniform^. The photoconducting crystal with neutral contacts in which 

(1) only electron current heed be considered, the holes being rapidly trapped at or hear the site 
of their creation, and 

(2) electron-hole pairs are generated at a distance x from the anode by a pulse of excitation. 
The trapped holes from a space-charge of +Q cm A -2, and their presence causes electrons to enter 
the crystal from the cathode. If the excess electrons which this enter the crystal constitute a 
charge of -aQ cm A -2, the effect of the net charge is to increase the field at the cathode 

° ld/le / "■ 

where electrostatic units have been used, Eo is the field in the absence excitiatiori, arid e is the 
diaelectric constant. The increase in current density corresponding to the increase in fild is 
given by 

Ai =u-n-e-|-W — l-Q-d-a) 
" \d/ \ e ) • 

This increase in current may also expressed as 
Equating these two relationships for Dj shows that 

n 

a -r_!L_ 
where 
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If strongly absorbed light or radiation is used to excite the material, x~d, and then examination 
of the pevivous expression p shows that qiianity b can be expressed as the ratio of two times 
( 1 ) the transit time, arid: 



d 




(2) the the dielectric relaxiation time [81] (essentially the RC time constant) of the material: 



where we have inserted the numerical factor to make the expression usable with conventional 
units for the resistivity r arid e. Thus 

T 

T 

so that the ratio of secondary to primary photocurrent is 

aj - P 
i p 1 + P 

To measure a primary pfcotoeurrerit without any contribution from the secondary photocurent, 
then p must be much less than unity; i.e., tr »tn. All other quanties being about the same, this 
means that a pure primary photocurrerit can be observed in material only with a resistivity, i.e., 
insulators. 

The same kind of reasoning is involved in determining the type photoconductivity which 
results from nonuniform illumination of a material in which both carriers are mobile. The key 
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question is this: When electron-hole pairs are generated in a material by nonuniform 
illumination, do the electrons and holes separate, each going to the appropriate electrode, or do 
the photoeexcited minority carriers move toward their appropriate electrode and taske along 
with them an equal number of majority carriers to maintain an absence of space charge. The 
answer is that, tr »t mBj , the carriers move in oppposite directions; this is the condition found in 
insulators where nonuniform illumination products a space-charge limitation on the current. In 
homogenous photoconductor materials, when both carriers are mobile but the holes are not 
replenished at the anode, the gain is given by 

If t maj »t r , on the other hand, the minority carriers take with them an equal number of majority 
carriers, and and the photocurreht results from this slice of increased conductivity; this is the 
condition found in semiconductors where nonuniform illumination is not to very small values by 
space-chare limitiations if both carriers are mobile. The actual gain of the photocurrent is the 
same as the previvous case [for the definition of Gain]. In the later case, the the space-charge 
which would be built up by the separation of the chargesis rapidily dissipted by normal 
conduction processes, the neutralization of the charge being carriered out through those carriers 
which contribute the most to conductivity, i.e., the majority carriers. 

In holographic filtering descrete voltage levels can be targeted, allowing for voltage 
induced jittering or timing; giving optional optical filtering conditions, i.e., negitive (low) 
background voltage level permites target photocurents, a large voltage exceeds the targeted 
voltage level recorded by the holographic filter. 
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Shown in FIG. 33, is an Energy level diagram showing external voltage clocking or shuttering a 
photoconducting crystal arid the targeted photogenerated voltage levels excited nonuniformly. 
The invasive or photogeneratirig nonuniform light is corresporidirigly clocked. The 
photoelectrical^ generated pattern is read using noninvasive (riori-photogerieratirig) light. 
Photoelectric materials and behaviors; polarized light effects, photoelectric noise sources, drift 
mobilities, negitive photogeneration (useful for reversed-engineered or negitive photoactive 
surfaces), photodielectric effect (useful for macro-elctroriic capacitor devices or in display, 
telemetric devices, as well as in both analog-to-digital arid digital-to-analog converter devices 
which require longer lived voltage waveforms), arid measurement of lifetime and diffusion 
length.]. 

The free-carrier pattern acting as a pure-phase volume hologram arid decays by diffusion 
of the free carriers using an apparatus as shown in FIGs 5a/5b/7/8/14a/14b/14c/26a/- 
26b/27a/27b/29/30/31A When a beam from a Q-switched Nd:YAG laser (k = 1:06 [goto 1.3 
|im], //v =1.16 eV [need to lower this photogeneratirig threshold by selectively doping 
seminconductor materials]) passes through a thin slice [subsistute Si with a serriiconductor such 
as Cd with lower E g 'values] of Si (E g =1.11 eV), a large concentration of free electrons and 
holes are created by optical interband transitions [layer the Cd material with one other or more 
p- and n- doped semiconductors to iricrease iriterbaaid trarisistioris] (Lowering the Applied laser 
power levels from «3x 10 17 cm' 3 for a power flux >1 mJ/cnrf 2 and a pulse length of 10 8 sec by 
selective substrate doping of p- and n- materials will significantly reduce the possiblity for laser 
damage to the TO). Temporary transient volume hologram recording parameters: (1 ) thickness 
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of the silicon wafer slice, (2) energy flux (mJ/cm 2 ) from laser incident upon the hologram plane, 
(3) the angle # between object arid reference beams, arid (4), the ratio of the optical set-up's 
propergation delay and the duration of the laser's initial optical pulse. Additional optical 
resolution is available by employiong a Yz waveplate in front of the mirror so that incident and 
reflecting waves do riot destructively cancel each other resulting in constructive free carrier field 
gains. All of the disclosed holographic arid photographic films arid recordirig devices can be 
utilized to enable free carrrier, rion-cheiriical development, exairiination of TO 224. 

Two- wavelength holographic irriage production utilizes the interaction of photovoltages to 
produce computer generated holograms into voltage patterns on the free-carrier optical element 
to create a free-carrier image by a visible or UV wavelength which is subsequently read by 
another wavelength of nori-photoelectric generating ER light. Serveral suitable techniques are 
discribed later is in this disclosure for making computer generated holograms of devices and 
conditions to be holographically tested. The amplitude arid phase patterns of the short 
photogenerating wavelength are optically enlarged so that they correspond directly to the wave 
front dimensions of the IR optically read hologram. The photogenerating wavelength incident to 
free-carrier recording medium can be created or generated using, but not limited to, display 
devices such as cathode, liquid crystals, gas-plasma, or other free-carrier based devices. 

Holographic filters in conjunction with holographic (initial polarization recording) mapping of 
the active optical surface are used to observe by non-invasive polarized light - the facsimile 
voltage patterns correspond to the optica;! amplitudes arid phases that create the optical 
wavefront of the holographic image to be displayed. Ari electrbri lens or a cathode-ray element 
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can be used to electrically reduce the voltage patterns down and transfer them to another 
optically active surface to increase image resolution if necessary. 

Another approach is to use the following holographic technique of four-wave mixing 
utilizing free carriers arid optical frequency doubling to enable real-time phase-conjimctent (4- 
wave mixing) examination of TO 224 shown in FIG3S. 

In addition, other films may be used, as desired. 

Additional recording mediums also include Bi l2 Si0 2 o (BSO) or Bii 2 GeO 20 (BGO) 
electro-optic recording devices sensitized to infrared by enclosing the BGO or BSO crystal in a 
vacuum chamber (having infrared transparent windows)which eliminates air induced resistances 
to infrared generated photo-currents. These electro-optic devices can enable four-wave mixing 
or phase conjugate imaging holographic techniques to be applied to the inspection and voltage 
characterization of TO 224. 

IR volume holograms offer to semiconductor voltage test and characterization, the ability 
to record two different transparencies (each formed by a different recording wavelength) on the 
same recording medium for subsequent reconstruction without crosstalk. The BR volume 
hologram recording^process can be varied to also enable same-wavelength multiple hologram 
storage by rotating the recording medium after each exposure. Another suitable technique of 
essentially multiplexing multiple-images on a single recording medium is by considering the 
context of color holography; different non-overlapping regions of the same photographic plate 
can be utilized to record IC (TO 224) holograms of different substrate voltage signals, recording 
beam angles, wavelengths arid beam polarizations. Unlike conventional holographic beam 
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recording techniques where the a incident beam of identical polarization is required to 
reconstruct the hologram, in polarization holography hologram reconstruction requires both the 
recording wavelength and beam polarization. 

Pattern Recognition 

Holograms created by computer calculations provide opportunity to generate wavefronts of any 

prescribed amplitude and phase distribution; this has been demonstrated to be extremely useful 

for generating three-dimensional images, testing optical surfaces, optical spatial-filtering, laser 

scanning, as well as pattern recognition of semiconductor devices arid substrate voltage 

waveforms . Production of these holograms employs a discrete Fourier transform to generate the 

complex amplitude and phase distributions of an array of N n xN Q elements. Each element of the 

image is broken into Fourier coefficients which are computed using the fast Fourier transform 

(FFT). In holography, the second step follows which produces a transparency (the hologram) 

which reconstructs the object wave when suitably illuminated. Any dynamic changes in the test 

object's transparency away from ideal or recorded conditions, such as by defects in the TO's 

circuitry or from prescribed voltage operating parameters, will not result in the reconstruction of 
> 

the desired object wave or holographic image. Refer to Fig. 36. 
Digital Processing 

The Fourier transform describes functions into different dimensions or coordinates such as 
Cartesian to spherical. For example, a function could be represented in the domains of time and 
frequency. The concept of the 3-D FFT has the same form as the mathematical representation of 
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the 2-D FFT utilizing a 1-D FFT. Here, an element (el, n2, n3) of the 3-D array (Nl , N2, N3) 
would be defined in a 1-D device where: 

n - N -N -ii +■ N ri + ri 

12 1 3 2 3 (87) 

Similarly, the 3-D FFT can derive from a time sample x(kl , k2, k3) a frequency sample X(k 1 , 
k2, k3). The parameter N can be expressed as: 

N := N -N -N 

12 3 (gg) 



Character & Condition Recognition 

This property of associative storage has been used for recognizing a character with a hologram, 
it is applied to recognize the presence of a specific electronic circuit arid detect specific voltage 
levels within the TO circuit It makes it also possible to use an isochromatic hologram to 
perform a recognition of voltage coriditiori(s) present in temporal voltage waveforms and in 
selected microelectronic devices and circuits. Like the previous section, this technique is 
essentially a spatial filtering operation in which the hologram functions as a matched filter. The 
approach here is to (1) couple invasive beam(s) to an electrooptic modulator to a prism, (2) 
invasively write the spectrally resolved beairi(s) to the optically surface to spatially filter, 
(3) read this with a noninvasive bearri, (4) correlate the spatially resolved beam with the 
hologram (either a fixed hologram or a temporal photogenerated voltage field) with this 
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noninvasive beam which is transmitted to invasively.write the temporal photoelectric-pattern's 
correlation with the hologram on another optically active surface. 

A optical system for this is shown in Figure No. 36. To produce the matched filter, a 
transparency of TO's targeted circuit components at the desired voltage levels to be identified is 
placed in the input plane and a TO hologram of this IR transparency is recorded in the Fourier 
transform plane using a point reference source. For simplicity, we assume that the complex am- 
plitude of the input place due to the TO transparency is a orie-dimensiorial distribution 

N 

j = 1 (82) 

where f(y-cj)j is the complex amplitude due to a typical character centered at cj, while that due 

to the reference source is 5(y+b). 

If we assume linear recording, the transmittarice of the hologram can be written as 

t(^:n o+ j5T![W(lFU)|) 2 J... 

|+/F(t,) a -exp(-i2ic-i,b)...) 

(83) 

where 

F(ii)of(ii) (84) 

The hologram is replaced, after processing, in exactly the same position in which it was 
recorded and illuminated by single character of the set centered on the axis. A computer 
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generated hologram (CGH) of TO can be created utilizing IC layout tools and experimental data 
as well as theoretical test conditions can be subsisted in its place. If the amplitude due to the 
target device and its operating characteristics in the input plane is f(y)I, the transmittance of the 
hologram is 

HOi) --FOiVtOO 

hence, 



H(ti) - (t o ^ Ji l ) FCti^ ... 



+ P-T-F(i|) r (|F(n)ir.. 



+ P-T-FChJj-FCtj^-cxpC- \ 2-% x\ b) 
+ P T F(q) r F(Ti).exp(i-2 ^T 1 .b) 

Shown is FIG 36 is an optical system used for experiments in electronic device arid voltage 
condition recognition. In this setup is configured as in Figure (1) with the embodiment of the 
lenses and hologram in a single holographic optical element Input by the TO is by either direct 
electron-shading of temporal voltage waveforms or voltage displacements in epitaxial circuits. 

The complex amplitude in the input output plane is then the Fourier transform of (86), which is 

h(y)-(t o H-Ji t) f(y) ( ... 

+ pT F(y) 1 .a(fl;y) ASy)) ... 
+ P TF(y) l Af(y) a5(y + b) .. 
+ pTF(y),af(y)a5(y-b) 



(87) 
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the only term of interest in (87) is the last but one on the right hand side which corresponds to 
the correlation of f(y)l with all the characters of the set If we ignore the constant factor (3T, this 
can be expanded as 



f(y),Afty)a8(yrb)-cD 



hence 

/ / 2L 

•■■--|*y),-M £ fy-^ 
\ \j=i 



(88) 



o8(y -hb) 



(89) 



and 



d) •= (Ky),-Ai(y ),)•<»« (y + c. + b) 



f(y),A 



N 



\ 



■o8(y + b) 



(90) 



If the auto con-elation function of the character presented is sharply peaked, the first term on the 
right hand side of (90) represents a bright spot of light, which is the reconstructed image of the 
reference source, located at 



y = e.-b 
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The presence of this bright spot iri the output plane corresponds to recognition of the targeted 
microeleclectronic circuitry and accompanying voltage conditions present as one belonging to 
the original set. The fact that this image is reconstructed at a distance -cl from its correct 
identifies the character presented as f(y-cl)l. 

This basic circuit test condition recognition technique has been extended to permit 
simultaneous identification of all the circuit test targets and conditions on a single recording 
medium to allow multiple device and condition tests to be carried out in parallel. Shown in FIG 
37a and 37b are the system components. 

When real-time operation is not required, a more direct technique can be used. This 
involves the use two transparencies in the input plane. One of these f(y+b)l is a transparency of 
the character to be located, while the other f(y+b')2 is a transparency of the recording medium of 
the circuits and voltage conditions to be searched. The transmittance of the Fourier hologram 
formed with these two sources is then 

t(n)-t c ... 



+ PT- 



+aF(Ti) 1 F(n) J exp(-i-2-it n b) ... 



+ F(Tj) 1 aF(y) 2 exp(i-2-«.nb) 



(92) 



where 



F(ii)l^fOi)l 



(93) 
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and 

F(Ti)2of(Ti)2 (94) 

If this hologram is illuminated with a plane wave, the complex amplitude in the output plane is 
proportional to the Fourier transform of t(r|). As before, the only term of interest is the third 
within the square brackets which, if we neglect a constant factor, is 

(95) 

If F(y)2 is identical to F(y)l, this term will result in a bright auto correlation pieak at y = -b. If, 
however, F(y)2 contains more than one such character f(y-cl)l, identical with f(y)l but located 
at different positions and equal number of auto correlation peaks will be formed at locations y = 
-b - cl, corresponding to the centers of these patterns. 

In isochromatic electron-shading, this approach is very useful for providing pattern and 
condition recognition both continual and real-time monitoring (using non-invasive light) for 
targeted devices and operating conditions in either temporal voltage waveforms, analogue and 
digital operations. This can be used to initiate various software arid hardware functions such as: 
initiating both "stop" arid "load" codes, program arid node addresses, and initiating "link" opera- 
tions for individual nodes (both star and cascade architecture's) in parallel processors. The 
limiting factors on system performance and operating bandwidth, are the physical dimensions 
hence, optical transit time, the physical dimensions of the voltage waveforms, and the compactly 
of the holographic storage medium. 
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Data-Access Techniques 

Local optical archival of information offers virtual immunity of binary code for computers 
from degradation. For IR-based holography arid optoelectronic devices, holography provides 
storage opportunities to similarly record aiid preserve the spectral and spatial integrity of light 
used for optical filters arid waveguides. 

The simplest approach of optical access employs a space variant approach. Here, the location 
and position(s) of the input field determines the composition of the output field from the 
hologram. The basic properties of such a system has been investigated for its applications in 
data processing. 

To cany out a two-dimensional linear space-variant operation it is necessary to have a system 
having impulse response is a function of four independent Variables (two more than a normal 
optical system). Two methods based on holographic techniques are described here. 

The first is a simple method to perform the coordinate transformation 

x-G,(x,y) '., (a) 
y=G 2 (x,y) (b) 

This transformation is effected with the optical shown in Figure No. (b), which uses a computer- 
generated hologram whose spatial frequencies at any point (w,v) are 
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(c) 



and 



>vf 



(d) 



Light from a point in the input plane having coordinates (u t v) is then diffracted at an angle such 
that an image of this point is formed in the back focal plane of the lens L2 at a point whose 
coordinates (x,y) satisfy (a) and (b). 

More general operations can be realized, in principle, by a hologram array. Each input pixel is 
backed by a hologram element which generates the desired response for the targeted device and 
voltage conditions. However, there are serious limitations on the number of devices and 
conditions which can be handled in this fashion due to the limited resolution of hologram 
elements when targets are made very small. 

Another method of obtaining a space-variant impulse response is to use a thick holographic 

l 

element such as sho wn in Figure No.38. This filter contains a number of superimposed 
holograms, each recorded with a plane reference wave incident at different angle. Each point on 
the input plane gives rise to a plane wave whose angel of incidence on the holographic filter 
depends on the coordinates of this point arid, hence, generates and impulse response determined 
by the corresponding hologram. However, to avoid cross-talk, the input field must contain only 
a small number of input points, fynce all points on a cone satisfy the Bragg condition. 
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In FIG 38 is an illustration showing the optical components for coordinate transformation and 
beam pathways to produce a coordinate transformation. In this approach each pixel of input 
produces a desired response for that pixel, data or bus register. 

Higher selectivity can be obtained by the use of coded reference beams. For this, a diffuser is 
inserted into the input plane, arid each of the holograms in the filter is recorded with a reference 
derived from a small area on this diffuser. Since the auto correlation functions of the reference 
beam are sharply peaked, each point in the input produces an output from the corresponding 
holographic filter. The diffuse background arising from the cross-correlation functions of the 
elementary diffusefs is rriiriirnized by using a thick recording medium. 

Holographic Image Generation 

Holograms or computer generated holograms surface mounted ori either frontside or 
backside can be made of IR absorbing materials to form transmission holograms, in the case of 
reflection-probing of TO 224 IR reflective materials can be utilized ori TO 224's backside so 
that an interference pattern of the IC's internal circuitry arid voltage topography can be 
determined and resolved as to be iri-phase or out-of-phase with the cornputer generated 
hologram. Options for rriouritirig the hologram are on the back substrate of the TO, mounted on 
a top layer substrate over the circuitry, or integrated within the TO's device's electronic circuitry 
by employing suitable semiconductor films which appropriately absorb, reflect, or refract IR 
wavelengths as well as satisfying Bragg conditions. These holograms can be created directly on 
the TO, or in proximity to, by conventional lithography techniques such as using photomask 
reduction, ion-beam, e-beam arid eyclotroriic radiation sources, as well as iriiplimerition in free- 
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carrier recording mediums. 

Holograms created by computer calculations provide opportunity to generate wavefronts of any . 
prescribed amplitude arid phase distribution; this has been demonstrated to be extremely useful 
for generating three-dimensional images , testing optical surfaces, optical spatial-filtering as well 
as laser scanning. Production of these holograms employs a discrete Fourier transform to 
generate the complex amplitude and phase distributions of an array of N n xN n elements. Each 
element of the image is broken into Fourier coefficients which are computed using the fast 
Fourier transform (FFT). In holography, the second step follows which produces a transparency 
(the hologram) which reconstructs the object wave when suitably illuminated. 

Many techniques have been developed for creating computer generated holograms (CGHs) and 
holographic lens elements (HLEs). CGHs are representations of the image's optical diffraction 
structure that has been calculated from either a mathematical description (e.g., Fourier analysis) 
of the wavefront or from samples. Several methods exist for creating and calculating HLEs and 
CGHs. 

In conventional approaches to performing CGH calculations, the amplitude and relative phase 
} 

of waveforms are plotted and optically reduced and transferred to holographic film. Illumination 
of the developed film creates the three dimensional image of the object calculated for viewing. 
Similar rules apply for creating HLEs such as concave, convex, cylindrical and achromatic 
lenses, prisms, beam gratings, etc. See Figure Nos. 19 & 20. 

Replicating CGH plots by using a shorter (H or H of the IR wavelength) photogenerating 
wavelength so that free-carrier voltage waveforms or patterns approximating optically by a 2- 
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times enlargement of the image. This technique eliminates the need for photo reduction of 
amplitude and wave phases since the voltage wave patterns directly correlate to IR and UV 
optical interference waveforms. Also, the reflection brightness value (+70%) of the metal mirror 
surface is greater than the light transmission values of presently available holographic 
transmission films (l% to 10%). 

A Binary Detour-Phase Hologram has only two levels - either zero or one, the binary 
hologram is easily computed and projected onto the optically active projection surface by an 
invasive optical beam. Projection does not require the use of a reference wave or bias other than 
non-invasive polarized beam utilized to read the surface. 

To produce the hologram, the surface area of the optically active projection surface is divided 
into array of NxN cells. Each cell corresponds to the NxN coefficients of the discrete Fourier 
transform of the complex amplitude of the in the object plane. Each Fourier coefficient is then 
represented by a single transparent area within the corresponding cell, whose size is determined 
by the modulus of the Fourier coefficient. This method derives its nanie from the fact that a shift 
of the transparent area in each cell results in light traveling a longer or short path to the 
reconstructed image.' The effect here is achieved through the modulation of the TO material- s 
polarization phase or in the refractive of the image. An example showing both the cells arid the 
image of a typical binary detour-phase hologram of the letters ICO is shown in FIG 39. The 
first-order images are those above arid below the central spot; in addition, higher-order images 
are seen due to nonlinear effects. 
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This method of encoding the phase works, by a rectangular opening (axb) in an opaque sheet 
(the hologram) centered on the origin of the coordinates, as shown on Figure 20(a), and 
illuminated with a uniform coherent polarized beam of light of unit amplitude. The complex 
amplitude Ufa, yO at a point fa, yO in the diffraction pattern formed in the far field is given by 
the Fourier transform of the transmitted ampli tude and i s 



Illustration showing the configuration of the cells in a binary detour-phase hologram shown in 
FIG 39. The positions of the cells are calculated in accordance to equations (84), (85) and (86); 



We now assume thatthe center of the rectangular opening is shifted to a point (Axo, Ayo) and 
the sheet is illuminated by a plane wave incident at an angle. If the complex amplitude of the 
incident wave at the sheet is exp[i(otAxo+pAyo)], the complex amplitude of the diffraction 
pattern becomes: 




(84) 



where: 



sinc(x) : = 



sin n x 



(85) 
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continuing on... 
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If axi < a,z, byi < Xz, equation (§7) reduces 



to: 
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(88) 



If then, 
hoiogram plane is 
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ojnAx^mAyJ := jo(nAx o ,mAy o )j expji* (nAx^mAyJ) 



(89) 



its modulus and phase at this point can be encoded, as shown in equation () , by niaking the area 
of the opening located in this cell equal to the modulus so that 



a b := jofnAx o ,mAy o )j 



(90) 



and displacing the center of the opening from the center by ah amount given by the relation 



6x 



Ax \ / nAx \ 

— W— I 

\^ y o! (91) 



To show the validity of this method of encoding, we consider the complex amplitude in 
the far field due to this opening, which is obtained by summing the complex amplitudes due to 
all the Nx?n openings, is therefore 



N N 



n » 1 m~ I 



cxp 



l**\x x 



(92) 



If the dimensions of the cells and the angle of illumination are chosen so that 



a& x -2 % 

o 



PAy 0 :--2n 



(93) 



(94) 



and 
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5X /f\c\ 

nm (95) 



equation (92) reduces to 
N N 

u ( x « ,y i) = S Ys K n H + ^y 0 )! ^((^v^yo) 



n = 1 m = 1 
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This is the discrete Fourier transform of the computed complex amplitude in the hologram 
plane, or in other words, the desired reconstructed image. 

Illustration of a typical cell in a binary detour-phase hologram showing the configuration of a 
single cell in the binary detour-phase hologram shown in Figure 22. The spatial relationships 
denoted by the variables are utilized in equations (87) through (96). 

Binary detour-phase holograms have several attractive features. It is possible to use a simple 
pen-and -ink plotter to prepare the binary master, and problems of linearity do riot arise in the 
photographic reduction process. Their chief disadvantage is that they are very wasteful of plotter 
resolution, since the number of addressable plotter points in each cell must be large to minimize 
the noise due to quantization of the modulus arid the phase of the Fourier coefficients. When 
the number of quantization levels is fairly large, this noise is effectively spread over the whole 
image field, independent of the form of the signal. However, when the number of phase- 
quaintization levels are small, the noise terms become shifted and self-convolved versions of the 
signal, which are much more aririoyirig. 
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Generalized Binary Detour-Phase Holograms 

In this method, as shown in Figure 40b, rather than producing a single transparent area with a 
variable size and position in the cell, corresponding to each Fourier coefficient, a combination of 
pxq transparent and opaque subcells is used. This method permits finer quantization of both 
amplitude and phase, resulting less noisy images. However, it is necessary for the computer to 
identity the proper binary pattern out of the 2 (p x q) possible patterns, that is the best approximation 
to the desired complex Fourier coefficient, before plotting it. 

FIG 40a shows a typical cell in a generalized binary detour-phase hologram arid the arrangement 
of elements within a typical cell in a generalized binary detbur-phase hologram. 

Phase Randomization 

The Fourier transforms of the wavefirorits corresponding to simple electronic circuits arid their 
voltage levels have very large dynamic ranges, because the coefficients of the dc and low- 
frequency terms have much larger moduli than those of the high-frequency terms. This results in 

nonl inearity because of the lirnited dynamic range of the recording media, 
i 

To minimize this problem, it is convenient, where the phase of the final reconstructed image is 
not important, to multiply the coiriplex amplitude at the original sampled object points by a 
random phase factor before calculating the Fourier transform. In transmission holography, this is 
optically analogous to placing a diffuser in front of the object transparency arid has the effect of 
making the magnitudes of the Fourier coefficients much more uniform, as shown in Figure 41a. 
However, the reconstructed image, Fig 41b, is then modulated by a speckle pattern. 



-84- 



The Kinoform . 

In the case where the object is diffusely illuminated, the magnitudes of the Fourier coefficients 
are relatively unimportant, and the object can be reconstructed using only the values of their 
phases. This led to the concept of a completely different type of hologram called a kinoform. 

This a computer generated hologram in which all the cells are completely transparent so that 
the moduli of all the Fourier coefficients are arbitrarily set equal to unity, and only the phase of 
the transmitted light is controlled in accordance with the phase of the computed Fourier 
coefficients. Thus, the amplitude trarismittance trim of the cell corresponding to a Fourier 
coefficient with modulus Oniri arid phase <j>rim would be: 

'nrn =eX P[>nm) (97) 

However, to simplify recording, integral multiples of 2n radians are subtracted from the 
computed phases, so that they vary only between 0 arid lit over the entire kinoform. 

Kinoforms have the advantage that they can diffract all the incident light into the final image. 
However, to achieve this, care is necessary to ensure that the phase matching condition 
expressed by (97) is'satisfied accurately. Any error in the recorded phase shift, as altered by 
subsequent non-functionalities from the ideal test values of the TO, results in light diffracted into 
the zero order which can spoil the image arid thus signal the presence of test failure conditions 
being present in the TO. 

FIG 1 9a shows an example of a Kirioforrri, a corriputer-gerierated airiplitude phase hologram. In 
this approach, the magnitudes of the Fourier coefficients are relatively unimportant since the 
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computer calculates the image illustrated in FIG 19b;from the reconstructed values of the phases 
of the hologram shown in FIG 19a. The hologram's phases are first plotted using a printer, then 
it is photo-reduced by conventional lithography techniques or directly etched by ion-beam, e- 
beam, or cyclonic radiation sources, or by free-camer medium for illumination of the image 
through a diffuser. This technique has been applied to three-demensional image generation. 

Computer Generated Interfer grams 

Problems can arise with detour-phase holograms when encoding wavefrorits with large phase 
variations since, when the phase of the wavefront moves through a multiple of 2% rad, the two 
apertures near the crossover may overlap. This has led to an alternative approach to the 
production of binary holograms based oh the fact that an image hologram of a wavefront that has 
no amplitude variations is essentially similar to an ihterferograini, so that the exact locations of 
the transparent elements in the binary hologram can be determined by solving a grating equation 
which correlates with the TO circuitry aiid operating voltage parameters of the test. 

Different methods can be used to incorporate information on the amplitude variations in the 
object wavefront into the binary fringe patterns. In one, the two-dimensional nature of the 

■s. 

Fourier transform hologram used is used to record the phase information along the x-direction, 
while the fringe heights in the y-directiori are adjusted to correspond to the amplitude. In 
another, the phase and the amplitude are recorded by the position and width of the fringes along 
the direction of the carrier frequency, while in the third, the pTiase arid amplitude of the object 
wave are encoded by the superposition of two phase-only holograiris: 
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This approach can be duplicated by plotter arid photo reduction,- or coriteritionual 
photolightographic, techniques as well as iriiplimention iri a free!-carrier recording medium. 
Here the computer calculates the hologram at two levels of its amplitude transmittance - either 
one or zero (top). The reconstructed image appears iri the lower illustration FIG 40b. 

Creating the voltage patterns with invasive light is accomplished by optically retrieving 
indexed patterns (iriatrices) that correspond to x, y, arid z, coordinates of the holograph iftiage 
field to be generated as well as Fourier transform functions. It is important to note in creating 
optical grating patterns irietal ifiirrofs photo-active surface usirig voltage waveform patterns, that 
the wavelength of electrons is less than 100,000 times shorter than visible light so no photo- 
reduction is necessary. The electron shadow that is created on the photovoltaic cell pro- 
portionally corresponds 1:1 to the interference lines of the real irriage upori the electro-optic 
surface. In this application, the isochrornatic eleirierit serves as a mapping filter of the voltage 
waveforms. 

One approach to display a holographic iiriage for viewing is to generate multiple voltage 
patterns so that they are transposed beside each other in such a way that they bisect the active 
optical surface and interfere with each other iri parallel to provide a parallax composite image. 

In effect, the image's optical targets or input registers can also serve as index keys to 
retrieve multiple stored optical patterns that serve as precalculated optical patterns 
(copyrightable). These elements serve as terriplates to create the complex features (multiple 
Bragg cell conditions present) of the electro-static surface topographic electro-optic surface that 
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goes into making three dimensional holographic images for display within a defined field (e.g., 6 
mm x 6 riim [width] x 3 ^m [depth]). 

The inventor then realized that the abilty to resolve supra resolution in CCD detector 
devices disclosed in FIGs 14a/14b/14c/etc. by using holographic microscopy techniques, enabled 
the creation and development of new microwave frequericey optoelectronic descrete devices. 

The inventor then realized that the ability to resolve supra resolution in CCD detector and 
sensing devices previously disclosed in FIGs 14a/14b/14c/etc. by using holographic microscopy 
techniques, enabled the creation and development of new* high frequency microwave 
multivalued descrete optoelectronic devices. The large (roughly 26 2 jim) detector pixels in the 
average CCD device contrast with the present state-of-the-art in semiconductor microelectronic 
line and device (e.g., 0.014 jam arid the pending 25 nrii) lithographic techniques. The inventor 
then real ized that the dimensions of high frequency microwave devices are limited not by the 
available lithography but, rather by the resonance of the electroriiagrietic waveform or carrier 
signal itself which propagates through the individual electronic components in the microwave 
device. 

i 

• * .. 

In contrast to conventional lithography techniques and design conventions where more 
expitaxal devices are packed closer together onto a single chip to form more complex 
semiconductor devices, the inventor realized that the solution to developing higher operating 
frequencies was not in creating iriore descrete exptitraxal devices but, instead creating individual 
devices which would have more functionality if one could be able to resolve arid alter the 
dynamic free carrier structure within a single, simple or complex expitaxal device. Instead of 
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each binary expitaxal device modulating between two .voltage levels, the device would be host to 
an array of voltage patterns. These descrete devices can be subsequently joined operationally 
together to form complex devices and systems which are disclosed later. By fashioning 
components in this manner it would be possible to create devices which in term would be 
equivalent to billions arid/or trillions of conventional expitaxal devices are simulated within the 
device's free-carriers as either digital words or matrices, analogue waveforms, or symbolic 
characters. Timing of the free carrier patterns is controlled by microwave signal waveforms 
within the circuit and by discfete infrared (semiconductor materials)and ultraviolet (free-metal 
materials) holographic filters, beamsplitters, and holographic optical elements disclosed earlier. 
The free carrier patterns can be invasively written using specific photovoltaic wavelengths of 
light to the device's material, or by other sources of electromagnetic radiation such as x-rays, 
UV-light, magnetic fields, and other circuit devices in proximity or working in conjunction to 
the device. The functional electrical characteristics and physical dimensions of the free-carrier 
host device determine its operating frequency, phase cycle, sampling period window, stability or 
lifetime of the free-carrier pattefn(s), arid subsequent rewrite cycle. 

The inventor then realized that the electrical characteristics at p-h junctions would serve 
as an effective free-carrier host device. 

Forward-Bias Processes 

Band-to-Band Tunneling 

Photon-Assisted Tunneling 
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Injection = 
Tunneling to Deep Levels 
Band Filling 

Optical Refrigeration - optical pulse modulation and control systems for temperature control, 
good until approximately 30°K. 

Hetroj unctions 

Zener Breakdown 

Avalanche Breakdown 

Photoelectric Emission 

Effect of Surface Conditions 

Photovoltaic Effects 

The solar or fast photocell 

The Schottkey Barrier 

i 

■ <* 

Photovoltaic Effects at the Schottkey Barrier 
Bulk Photovoltaic Effects - Deriiber Effect 

Photomagnetoelectric Effect- useful for supra-resolutiori of magnetic fields in MRI devices. 

Angular Dependence of Photovoltaic effects — useful for multivalue logic devices with multipl 
inputs and outputs on a single substrate arid oft multi-substrate systems. 
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"Photangular Effect" -- useful for riiultivalue logic devices with multiple inputs and outputs on a 
single substrate and on multi-substrate systems. 

Optically Induced barriers 

Photovoltaic effect at a graded energy gap 

Photopiezoelectric Effect 

Macro-device host circuits - utilize microwave rnultvibrator and oscillator electronic circuits 
aiid macro devices having optical path and circuit phase/mode matching. 

SAW devices - signal processing and conversion 

Optical associative memories 

Optical pattern & condition recognition 

UV reads free metals, photowrites to IR 

Four-wave mixing in free-carrier mediums which target character arid voltage specific conditions 

In infrared stimulated luminescence, carriers can be excited out of traps by optical excitation. 
Since in most semiconductors the depth of the trap is less than 1.5 eV, the excitation can be 
obtained by infrared illumination. After the carrier is excited out of the trap, it makes a radiative 
transition, emitting a photon Hv . E t . Hence after the semiconductor crystal has been "pumped" 
at low temperature, the luminescence which occurs when the traps are emptied by IR radiation. 
The depth of the traps are determined by the spectrum of the incident optical radiation. The 
inventor then realized that if a material such as ZriS were used as an IR optical receiver for 
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reflective or transmitted radiation from a free-carrier host device or a free-carrier host array, 
visible, invasive of photdenefating, radiation luminescence can be stimulated at low 
temperatures when the material is illuminated with 1 .2 jim radiation. The photgenefating 
radiation can be subsequently directed back to ffee-cafrief host to invasively write a free-carrier 
pattern which function as ail optical register hold, of can be directed as shift register cany-over 
to another free-carrier host device. The invasive beam from the ZilS surface can also serve as an 
object beam to a holographic associative memory and/of holographic pattern recognition device 
which would subsequently write an invasive free-cafrief pattern which would subsequently as a 
logical or analogue function as it interacts with other free-carrief fields resident with the host 
device. The inventor then realized that IR quenching of luminescence can be accomplished in 
some materials during the afterglow of phosphorescence of during excitation. Quenching of 
illufniscence can result from the application of an electric field, from heating, of from 
illumination with infrared radiation. Depending upon the characteristics of the material, the 
radiative transition may become filled, of a non-fadiatiVe path may become available. In ZilS a 
broad band of radiation at about 0.75 jiril always quenches the floufence and phosphorescence; 
but at 1 .2 |im, whicLa.l ways quenches the luminescence at fooifi temperature, it can also 
stimulate the luminescence at 77°K. Applying ari electric field in conjunction with IR radiation 
provides better timing control of the ZnS material in integrating it within a free-carrier device 
system or an optoelectronic array. 
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SUMMARY 



The present invention relates to improved voltage test systems. 
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